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Part I: Desulfurization of Coal and Coal Char at 
Various Temperatures and Pressures 

Introduction 

This work was undertaken to obtain a better understanding 
of the desulfurization of Illinois No. 6 coal and of char derived 
therefrom. In particular, the effect of temperature, pressure, and 
methane content of the gas on the rate of sulfur removal and the 
final sulfur content of the product was studied. 

The desulfurization of high-sulfur coals, cokes, and 
chars has been the subject of many investigations in the past, 
those pertaining to the desulfurization of coke going back as far 
as the 1850's. In recent times the subject has gained importance 
because of the necessity of utilizing large reserves of high-sulfur 
coal and of reducing the emission of sulfur-bearing gases in plants 
using coal or coke. 

Experimental 

Illinois No. 6 coal or char derived therefrom was used in 
all experiments; the size of the particles was between 12 and 
18 mesh (average particle diameter ~ 1 . 3  mm). The coal was dried 
for 24 hours at 110°C before it was used. Two types of char were 
prepared by treating the dried coals in n2 for 3 hours at 600 or 
800'C. The total sulfur content and the amounts of the various 
forms of sulfur present in the coal and the char (prepared at 
6 O O O C )  are given in Table I. 

The desulfurization experiments, using either dried coal 
or one of the chars, were done in H2, He, CH4, and mixtures of H2 
and CH4 for periods of time up to 3 hours at 600 and 800OC at pres- 
sures up to 10 atm. For each experiment 100 to 250 mg of sample, 
contained in a platinum or nickel basket, was suspended in the hot 
zone of a resistance furnace. The gas flow rate was 0.5 l(STP)/min 
in all cases. The samples were lowered into and pulled out of the 
hot zone as quickly as posslble Gnder a flow of He. A-t the end of 
an experiment the entire sample was analyzed for total sulfur by 
means of the combustion method(1). 

In selected cases surface-area measurements on partially 
desulfurized samples were made using the BET method. Use was also 



made of e l e c t r o n - p r o b e  a n a l y s i s  and o p t i c a l  microscopy,  i n  p a r t i c u l a r  
i ,n  t h o s e  c a s e s  where t h e  form o f  the s u l f u r  w a s  o f  i n t e r e s t .  

R e s u l t s  and D i s c u s s i o n  

The r e s u l t s  f o r  t h e  d e s u l f u r i z a t i o n  o f  d r i e d  c o a l  i n  H 2 ,  
CH4, and H e  a t  600 a n d  800°C are  shown i n  F i g u r e s  1 and 2 .  I n  a l l  
cases a r a p i d  l o s s  o f  s u l f u r  d u r i n g  t h e  f i r s t  30  minutes  is observed .  
T h i s  i n i t i a l  r a p i d  d e s u l f u r i z a t i o n  i s  due p a r t l y  t o  t h e  r e d u c t i o n  
of p y r i t e  (FeS2) t o  p y r r h o t i t e  (FeS) and p a r t l y  t o  t h e  loss o f  less 
s t a b l e  o r g a n i c  s u l f u r .  

The coal o r i g i n a l l y  c o n t a i n e d  0.52 p e r c e n t  s u l f u r  as 
p y r i t e  ( T a b l e  I ) ,  p r e s e n t  a s  p a r t i c l e s  w i t h  an a v e r a g e  d i a m e t e r  1 
t o  50 p .  T y p i c a l  p y r i t e  p a r t i c l e s ,  as  observed  i n  t h e  d r y  c o a l ,  
are shown i n  F i g u r e  3a and b. E lec t ron-probe  a n a l y s i s  showed t h a t  
t h e s e  p a r t i c l e s  have a composi t ion  approaching  t h a t  of  FeS2 
( F i g u r e  3 c ) .  

The p a r t i a l  p r e s s u r e  of  s u l f u r  i n  e q u i l i b r i u m  w i t h  FeS2 
and  FeS i s  1 a t m  a t  69OoC(2) .  T h e r e f o r e ,  some decomposi t ion o f  
p y r i t e  i n t o  p y r r h o t i t e  i s  e x p e c t e d  i n  a n  i n e r t  a tmosphere a t  600OC. 
T h i s  i s  shown i n  F i g u r e  3d,  e, and f f o r  a c o a l  which w a s  t r e a t e d  
fo r  1 0  min i n  H e  a t  600'C. The composi t ion  of t h e  l a r g e  porous  
p a r t i c l e  i n  F i g u r e  3d w a s  found t o  be close t o  t h a t  o f  p y r r h o t i t e ,  
as shown by F i g u r e  3 e ,  whereas  t h e  t w o  smaller p a r t i c l e s  i n  F i g u r e  3d 
had a composi t ion between p y r i t e  and  p y r r h o t i t e  ( F i g u r e  3 f ) .  

F i g u r e  39 i s  a micrograph of  c h a r  prepared  a t  6OO0C, t h e  
chemica l  a n a l y s i s  of  which i s  shown i n  T a b l e  I.  T h i s  c h a r  s e r v e d  
as  t h e  s t a r t i n g  ma te r i a l  f o r  subsequent  d e s u l f u r i z a t i o n  exper iments .  
The porous p a r t i c l e s ,  i n  t h e  c e n t e r  o f  t h e  micrograph ,  are  p y r r h o t i t e  
formed by the comple te  r e d u c t i o n  of  p y r i t e ,  a s  evidenced by t h e  
x-ray spectrum i n  F i g u r e  3h. T h i s  o b s e r v a t i o n  i s  i n  keeping w i t h  
t h e  chemica l  a n a l y s i s  i n  Table I which showed t h a t  no p y r i t i c  
s u l f u r  was p r e s e n t  i n  t h i s  c h a r .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  observed  g a s i f i c a t i o n  
i n  CH4 is t h e  same a t  600  and 800°C, whereas  i n  H e  o r  H 2  t h e  g a s i f i -  
c a t i o n  is a b o u t  20  p e r c e n t  h i g h e r  a t  800°C t h a n  a t  600OC. It  i s  
g e n e r a l l y  a c c e p t e d  t h a t  t h e  c a r b o n i z a t i o n  o f  coal t a k e s  p l a c e  i n  
t w o  s t a g e s ( 3 ) .  I n  t h e  t e m p e r a t u r e  r a n g e  350 t o  55OOC t h e  s o - c a l l e d  
p r i m a r y  d e v o l a t i l i z a t i o n  ( n o t  i n v o l v i n g  C H 4 )  t a k e s  p l a c e .  The 
secondary  g a s i f i c a t i o n ,  i n v o l v i n g  main ly  t h e  r e l e a s e  of  CH4 and 
H2, b e g i n s  a t  a b o u t  700'C. In  t h e  p r e s e n c e  of  CH4,  secondary  
g a s i f i c a t i o n  is t h e r e f o r e  i n h i b i t e d  a t  8 O O O C  and i n v o l v e s  main ly  
the pr imary  d e v o l a t i l i z a t i o n  e q u a l  t o  t h a t  o b s e r v e d  a t  600'C. 

Although t w o  t y p e s  o f  c h a r  w e r e  used i n  t h e  d e s u l f u r i z a t i o n  
e x p e r i m e n t s ,  o n l y  t h e  e x p e r i m e n t a l  r e s u l t s  p e r t a i n i n g  t o  t h e  c h a r  
prepared  a t  600°C are p r e s e n t e d  h e r e .  The r e s u l t s  o b t a i n e d  f o r  t h e  
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char prepared at 8OO0C are similar and will not be presented in 
detail. 

The effect of pressure and composition of the H2-CH4 
mixture and temperature on the rate of desulfurization of char, 
prepared at 6OO0C, is shown in Figures 4 to 6 .  Lower sulfur contents 
and higher rates of desulfurization are favored by an increase in 
PH2 and temperature. The presence of CH4 inhibits desulfurization. 

In gas mixtures containing more than 25 percent CH4, 
gasification ceased after about 30 min of reaction time to reach a 
plateau (Figure 5 ) .  The gasification corresponding to this plateau 
is shown as a function of the percentage of CH4 in the gas in 
Figure 7 .  For the char prepared at 6OO0C, gasification during 
desulfurization at 8OOOC (Ts) decreased considerably with increasing 
CH4 percentage in the gas. Gasification for the char prepared at 
8OOOC was only slightly dependent on the amount of CH4 in the gas, 
irrespective of the temperature of desulfurization. 

As seen from these results, desulfurization of coal char 
takes place in two distinct stages. The first stage shows a simul- 
taneous rapid desulfurization and gasification. During the second 
stage sulfur is removed more slowly, practically independent of the 
extent of any further gasification. The observed initial rapid 
loss of sulfur together with the initial rapid gasification suggests 
that there may exist a relationship between the initial fractional 
removal of sulfur, (AS/So)i, and that of carbon, (AC/Co)i. 

The data in Figure 8 show the relative sulfur removal 
after about 15 minutes reaction time as a function of the relative 
carbon loss incurred during this time. A similar relationship was 
observed for the char prepared at 800OC. It is seen from Figure 8 
that for each desulfurization temperature (Ts) the data points 
corresponding to various experimental conditions (e.g., total 
pressure, CH4 content) form a curve, indicating a relationship 
between ( AS/So) i and (AC/Co) i . 

Further examination of the data in Figure 8 shows that 
the same functional relationship between (AS/So)i and (AC/Co)i 
exists, irrespective of the temperature at which desulfurization 
took place. This is shown in Figure 9 where the open circles 
represent all the data points in Figure 8. Also shown in Figure 9 
are the results obtained for the char prepared at 8OO0C, which show 
a similar relationship between (AS/So)i and (AC/Co)i; however, 
the slope is steeper than observed for the char prepared at 
60OOC.  The higher the char preparation temperature, the more 
gasification and desulfurization has taken place during charring. 
Therefore, it should not be concluded that it is generally more 
advantageous to use a char, prepared at a higher temperature, 
for subsequent desulfurization. 

A l s o  included in Figure 9 are the data from Jones, et. 
a1.(4) who desulfurized a char derived from Illinois No. 6 coal, 
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,p repared  a t  870OC. 
704 and  10IO°C, t h e  p r e s s u r e  between 1 and ~8 a t m ,  and t h e y  used  H 2  
as w e l l  a s  e q u i m o l a r  m i x t u r e s  o f  H 2  and CH4.  Al though t h e i r  d a t a  
show some scatter,  it i s  concluded  t h a t  t h e r e  e x i s t s  a r e l a t i o n s h i p  
between (AS/So)i a n d  ( A C / C o ) i .  The d a t a  o f  B a t c h e l o r  e t .  a 1 . ( 5 )  
who used a c h a r ,  p r e p a r e d  a t  5OO0C, from a P i t t s b u r g h  seam c o a l ,  
a re  a l s o  shown i n  F i g u r e  9 .  D e s u l f u r i z a t i o n  took  p l a c e  i n  Hz-HzS 
m i x t u r e s  (pH2 between 1 and 11 a t m )  a t  t e m p e r a t u r e s  v a r y i n g  between 
650 and 880OC. A l s o  f o r  t h e s e  d a t a ,  a r e l a t i o n s h i p  between (AS/So)i 
and ( A C / C o ) i  is o b s e r v e d .  I t  may t h u s  be  concluded  t h a t  t h e  func-  
t i o n a l  r e l a t i o n s h i p  between (AS/So) i and (AC/Co) i i s  dependent  o n l y  
on t h e  t e m p e r a t u r e  a t  which t h e  c h a r  w a s  p r e p a r e d .  Subsequent  
d e s u l f u r i z a t i o n  of a g i v e n  c h a r  can  o n l y  be a c h i e v e d  a t  t h e  expense 
o f  loss i n  carbon,  t h e  e x t e n t  o f  which i s  de termined  by t h e  appro-  
p r i a t e  f u n c t i o n a l  r e l a t i o n s h i p  d e p i c t e d  i n  F i g u r e  9. 

The d e s u l f u r i z a t i o n  t e m p e r a t u r e  v a r i e d  between 

A f t e r  t h e  i n i t i a l  r a p i d  d r o p  i n  s u l f u r  c o n t e n t  o f  t h e  
c h a r ,  a more g r a d u a l  d e c r e a s e  i s  o b s e r v e d ,  F i g u r e s  4 t o  6 .  Assuming 
t h a t  f o r  t h i s  s t a g e  of  t h e  p r o c e s s  t h e  d e s u l f u r i z a t i o n  r e a c t i o n  may 
be d e s c r i b e d  by  a f i r s t - o r d e r  react ion r e l a t i v e  t o  t h e  s u l f u r  
c o n t e n t  o f  t h e  c h a r ,  t h e n  

kS 
a s = -  
d t  

where S i s  t h e  c o n c e n t r a t i o n  o f  s u l f u r  a t  t i m e  t and ks a r a t e  
c o n s t a n t .  I n t e g r a t i o n  o f  Equat ion  1 g i v e s  

where So i s  t h e  s u l f u r  c o n c e n t r a t i o n  a f t e r  
t i m e ,  a f t e r  which d e s u l f u r i z a t i o n  p r o c e e d s  

1 5  m i n u t e s  o f  r e a c t i o n  
more g r a d u a l l y .  

Because o f  t h e  scatter i n  t h e  e x p e r i m e n t a l  r e s u l t s ,  it 
w a s  n o t  c o n s i d e r e d  w a r r a n t e d  t o  t reat  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  
t w o  c h a r s  s e p a r a t e l y .  F i g u r e  1 0 ,  d e p i c t i n g  t h e  f i r s t - o r d e r  p l o t s ,  
t h e r e f o r e  r e p r e s e n t s  t h e  a v e r a g e s  f o r  b o t h  t y p e s  o f  c h a r .  I t  is  
s e e n  t h a t  log(S/So)  
of t he  d a t a .  

i s  a l i n e a r  f u n c t i o n  o f  t i m e  w i t h i n  t h e  scatter 

The ra te  c o n s t a n t  k s ,  o b t a i n e d  from t h e  s l o p e s  o f  t h e  
l i n e s  i n  F i g u r e  1 0 ,  i s  shown i n  F i g u r e  1 1 A  a s  a f u n c t i o n  o f  t h e  
c o n c e n t r a t i o n  of H2 i n  t h e  Hz-CH4 m i x t u r e  f o r  t h e  d e s u l f u r i z a t i o n  
e x p e r i m e n t s  a t  5 a t m  p r e s s u r e  a t  600  and 800°C. Although t h e  
e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  CH4 i n  H2-CH4 m i x t u r e s  a t  5 a t m  
p r e s s u r e  are 5 6  p e r c e n t  and 1 6  p e r c e n t  a t  600 and 8OO0C, r e s p e c -  
t i v e l y ( 2 ) ,  no measurable  w e i g h t  i n c r e a s e  o f  t h e  c h a r  w a s  r e c o r d e d  
a f t e r  t r e a t m e n t  i n  CH4 a t  800OC. T h i s  i n d i c a t e s  t h a t  CH4 d i d  n o t  
d i s s o c i a t e  t o  any m e a s u r a b l e  e x t e n t  under  t h e  p r e s e n t  e x p e r i m e n t a l  
c o n d i t i o n s .  T h e r e f o r e ,  it may be  assumed t h a t  t h e  p a r t i a l  p r e s s u r e  
Of H2 p r e v a i l i n g  d u r i n g  t h e  d e s u l f u r i z a t i o n  e x p e r i m e n t s  i n  H2-CH4 
m i x t u r e s  w a s  t h e  same as t h a t  i n  t h e  i n g o i n g  m i x t u r e .  
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On this basis, Figure 11B was plotted, supplemented with 
some data obtained from desulfurization experiments in 100 percent 
H2 at 1 and 5 atm pressure. It is seen that the rate constant 
pertaining to the second stage of desulfurization in 100 percent H2 
is the same as that in H 2 - C H 4  mixtures, although in 100 percent H2 
gasification continues in the second stage (Figures 4 to 6 ) .  This 
suggests that desulfurization and gasification are interrelated in 
the initial stages only; in the second stage desulfurization takes 
place at a rate independent of gasification. 

TO explain these observations, it is suggested that the 
initial loss of carbon-which is accompanied by a simultaneous loss 
of (mainly organically bound) sulfur-creates new pores providing 
better access for the reducing gas to the pyrrhotite particles 
embedded in the char. This is supported by the observed change in 
surface area of the char during desulfurization. The initial 
surface area of char prepared at 600°C is about 2 m2/g. 
change in surface area is most pronounced during the first hour of 
desulfurization, particularly at 8OOOC. Figure 12. The pore surface 
area increases with increasing temperature and pressure and, hence, 
the amount of gasification. 

The 

A char, prepared at 60OOC and subsequently desulfurized 
for 2 hours in 5 atm H2 at 800°C, was analyzed for the various 
forms of sulfur present in the product. The analysis showed that 
of the total sulfur content of 0.16 percent, about 0.11 percent was 
present as pyrrhotite and about 0.05 percent as organic sulfur. 
The micrograph in Figure 13a for this partially desulfurized product 
shows three types of particles: bright, greyish colored, and two- 
phase particles partly bright and partly grey. The composition of 
the greyish particles varies somewhat but nominally approaches that 
of pyrrhotite (Figure 13b and c). The bright particles are iron 
(Figure 13d) formed by the complete reduction of pyrrhotite. 

It is concluded from these observations that most of the 
sulfur is in the form of pyrrhotite during the later stages of 
desulfurization. The overall rate of desulfurization during this 
stage is thus expected to be mainly governed by the slow reduction(6) 
of pyrrhotite in H a .  

Conclusions 

It was found that the desulfurization of coal char in mix- 
tures of H2 and C H 4  takes place in two distinct stages. 
stage rapid desulfurization is accompanied by gasification. These two 
processes were shown to be interrelated, the relationship being depen- 
dent on the char preparation temperature only. The second stage of 
desulfurization was found to proceed at a much slower rate and is 
being controlled by the slow reduction of pyrrhotite to iron. 

In the first 

References: listed at end of part 11. 
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Table I 

Forms of Sulfur (in Wt.%) Present in Dried 
Coal and Char Derived Therefrom (3h,  H2,. 6OOOC) 

Form of Sulfur Dried Coal Coal Char 

Pyrite 
Sulphate 
Sulphide 
Organic 
Total 

0.53 
0.12 0.005 
0.005 0.13 
1.27 0.61 
1.93 0 . 7 5  

- 
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P a r t  11: S u l f i d a t i o n  o f  C o a l  Char 
and S y n t h e t i c  Chars  

I n t r o d u c t i o n  

D e s u l f u r i z a t i o n  of c o a l  and coal c h a r  i n  hydrogen r e s u l t s  
i n  e v o l u t i o n  o f  H2S. Depending o n  t h e  p r o c e s s ,  t h e  H2S i s  e i t h e r  
e n t i r e l y  or p a r t l y  removed and r e c i r c u l a t e d .  The work, d e s c r i b e d  
i n  P a r t  11, w a s  u n d e r t a k e n  t o  o b t a i n  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  
i n t e r a c t i o n  between c h a r s  and g a s  m i x t u r e s  c o n t a i n i n g  H2S.  

A l i t e r a t u r e  s u r v e y  i n d i c a t e d  t h a t  no i n v e s t i g a t i o n s  have 
been  made of t h e  s u l f i d a t i o n  o f  carbonaceous  materials, i n c l u d i n g  
c h a r s ,  i n  g a s  m i x t u r e s  of H 2  and H2S such  t h a t  t h e  s u l f u r  p o t e n t i a l  
w a s  s y s t e m a t i c a l l y  v a r i e d .  

Exper imenta l  

Char f r o m  two d i f f e r e n t  s o u r c e s ,  p r e p a r e d  under  a v a r i e t y  
o f  c o n d i t i o n s ,  was u s e d  i n  t h i s  work. The p r e p a r a t i o n  c o n d i t i o n s  
are summarized i n  T a b l e  11. 

The p r e p a r a t i o n  o f  c h a r  from I l l i n o i s  N o .  6 c o a l  w a s  
d e s c r i b e d  i n  P a r t  I ( E x p e r i m e n t a l ) .  Char from a s h - f r e e  f i l t e r  p a p e r  
(0 .008% a s h )  w a s  p r e p a r e d  by c h a r r i n g  t h e  p a p e r ,  c o n t a i n e d  i n  a h igh-  
p u r i t y  a lumina b o a t ,  i n  a n  atmosphere of d r y  H e  a t  6 0 0  o r  900°C f o r  
3 h o u r s .  A f t e r  t h e  p a p e r  w a s  c h a r r e d ,  t h e  b o a t  w a s  p u l l e d  t o  t h e  
cool end o f  the r e a c t i o n  t u b e  where it s lowly  c o o l e d .  Subsequent ly ,  
t h e  c h a r  w a s  q u i c k l y  t r a n s f e r r e d  t o  a d e s i c c a t o r  where it w a s  s tocked .  
The c h a r s  t h a t  w e r e  f u r t h e r  t r e a t e d  i n  H e  a t  1250 and 1500°C f c r  24 
and  9 6  hours ,  r e s p e c t i v e l y ,  w e r e  t aken  from t h i s  s t o c k .  

The s u l f i d a t i o n  exper iments  w e r e  done i n  a v e r t i c a l  
f u r n a c e  w i t h  t h e  H2-H2S m i x t u r e  e n t e r i n g  a t  t h e  bottom of  t h e  
r e a c t i o n  tube .  The H2/HgS-ratio i n  t h e  g a s  was a d j u s t e d  by u s i n g  
t h e  u s u a l  a r rangement  of c a p i l l a r y  f low meters. I n  m o s t  of  t h e  
e x p e r i m e n t s  a gas f l o w  r a t e  o f  30 cm3(STP)/min w a s  u s e d .  

For e a c h  s u l f i d a t i o n  experiment  a b o u t  1 0 0  mg of  c h a r  w a s  
p l a c e d  i n  an a lumina  t r a y .  I n  most c a s e s  t h e  s u l f i d i z i n g  t r e a t m e n t  
was  one hour ,  a f t e r  which t h e  sample was q u i c k l y  p u l l e d  up t o  t h e  
cool t o p  o f  the  r e a c t i o n  t u b e ,  w h i l e  t h e  H e  w a s  k e p t  f lowing .  The 
c o o l e d  sample w a s  t h e n  t r a n s f e r r e d  t o  a d e s i c c a t o r .  S u l f u r  i n  t h e  
c h a r  was a n a l y z e d  by t h e  combustion method (1) . 

I n  some s e l e c t e d  cases about  750 mg o f  c h a r  w a s  s u l f i d i z e d ,  
a n d  a f t e r w a r d s  a n a l y z e d  f o r  oxygen by t h e  n e u t r o n - a c t i v a t i o n  method. 
The s u r f a c e  a r e a s  o f  t h e  c h a r s  used were de te rmined  by t h e  BET 
method. 
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R e s u l t s  and D i s c u s s i o n  

The p a r t i a l l y  d e s u l f u r i z e d  c o a l  c h a r  ( T a b l e  11) w a s  
s u l f i d i z e d  a t  6 0 0 ,  8 0 0 ,  and 900°C i n  H2-H2S c o n t a i n i n g  0 t o  100 per -  
c e n t  H2S. The r e s u l t s  are g i v e n  i n  F i g u r e  1 4 ,  i n  which t h e  s u l f u r  
c o n t e n t  of  t h e  c h a r  a f t e r  one  hour  r e a c t i o n  t i m e  is  p l o t t e d  v e r s u s  
t h e  p e r c e n t a g e  o f  H2S i n  t h e  g a s  a t  t h e  e x p e r i m e n t a l  t e m p e r a t u r e ,  
denoted  by ( % H ~ S ) T .  S i m i l a r  r e s u l t s  were o b t a i n e d  a f t e r  s u l f i d a t i o n  
f o r  4 hours .  

I n  c a l c u l a t i n g  ( % H ~ s ) T  from t h e  p e r c e n t a g e  o f  H2S i n  t h e  
ingoing  g a s  ( a t  room t e m p e r a t u r e ) ,  due  a l lowance  should  b e  made f o r  
t h e  p a r t i a l  d i s s o c i a t i o n  o f  H2S a t  h i g h e r  t e m p e r a t u r e s .  The e q u i -  
l i b r i u m  H2S p e r c e n t a g e  o f  t h e  g a s  a t  t h e  r e a c t i o n  t e m p e r a t u r e  w a s  
c a l c u l a t e d  from t h e  a v a i l a b l e  thermodynamic d a t a ( 2 )  - 

The p r e s e n t  r e s u l t s  may b e  compared w i t h  t h o s e  o b t a i n e d  
by Polansky,  e t .  a 1 . ( 7 )  who t r e a t e d  coke i n  H2S-N2 m i x t u r e s  c o n t a i n i n g  
4.2 and 8 . 8  p e r c e n t  H2S. 
i n  t h e  e x t e n t  of  s u l f u r  a b s o r p t i o n  a t  800  and 900OC. 

T h e i r  r e s u l t s  show no pronounced d i f f e r e n c e  

Of s p e c i a l  i n t e r e s t  is t h e  a b s o r p t i o n  o f  s u l f u r  a t  900°C 
i n  Hz-H~S m i x t u r e s ,  c o n t a i n i n g  less t h a n  2 p e r c e n t  H2S, by p r e v i o u s l y  
d e s u l f u r i z e d  c o a l  c h a r  ( f rom I l l i n o i s  c o a l ) .  T h i s  c o a l  c h a r  w a s  
produced by d e s u l f u r i z a t i o n  of  a c h a r  t h a t  o r i g i n a l l y  c o n t a i n e d  
0.13 p e r c e n t  s u l f u r  a s  p y r r h o t i t e ;  t h i s  i s  e q u i v a l e n t  t o  a b o u t  
0.23 p e r c e n t  i r o n .  Upon s u l f i d a t i o n  o f  t h i s  d e s u l f u r i z e d  c o a l  
c h a r ,  p y r r h o t i t e  i s  expec ted  t o  form when t h e  s u l f u r  p o t e n t i a l  i s  
s u f f i c i e n t l y  h i g h .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  15 ,  where a 
sudden r ise  i n  t h e  amount o f  s u l f u r  absorbed  i s  o b s e r v e d  when 
(%H2S)T > 0.3. T h i s  i s  i n  good agreement  w i t h  t h e  v a l u e  c a l c u l a t e d  
from t h e  thermodynamic d a t a  f o r  t h e  i r o n / p y r r h o t i t e  e q u i l i b r i u m ( 2 )  
a t  900OC. The i n c r e a s e  i n  s u l f u r  c o n t e n t  a t  t h e  "break  p o i n t "  i n  
t h e  a b s o r p t i o n  c u r v e  i s  a b o u t  0.20 p e r c e n t ,  i n  good agreement  w i t h  
t h e  e s t i m a t e d  amount o f  i r o n  p r e s e n t  i n  t h e  c h a r .  

The s u l f u r  a b s o r p t i o n  c u r v e s ,  d e p i c t e d  i n  F i g u r e  14, have 
t h e  g e n e r a l  c h a r a c t e r  o f  a b s o r p t i o n  i s o t h e r m s .  However, p r o p e r  
i n t e r p r e t a t i o n  of t h e s e  r e s u l t s  i s  h i n d e r e d  by t h e  p r e s e n c e  o f  
i m p u r i t i e s  i n  t h e  c o a l  c h a r .  I t  was t h e r e f o r e  d e c i d e d  t o  s t u d y  t h e  
s u l f i d a t i o n  o f  e s s e n t i a l l y  i m p u r i t y - f r e e  c a r b o n s  and s y n t h e t i c  
c h a r s .  

S u l f i d a t i o n  of  S y n t h e t i c  
Carbons and Chars  

Granula ted  samples  o f  h i g h - p u r i t y  e l e c t r o d e  g r a p h i t e  and 
p y r o l i t i c  g r a p h i t e  w e r e  e q u i l i b r a t e d  w i t h  a 50  p e r c e n t  H 2 ,  5 0  p e r c e n t  
H2S mixture  a t  1000°C f o r  1 . 5  h o u r s ;  t h e r e  w a s  no d e t e c t a b l e  s u l f u r  
a b s o r p t i o n  i n  e i t h e r  form o f  g r a p h i t e .  I n  a n o t h e r  exper iment  
samples  o f  e l e c t r o d e  g r a p h i t e  and p y r i t e  w e r e  p l a c e d  i n  s e p a r a t e  
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p a r t s  of a n  e v a c u a t e d  s i l i ca  c a p s u l e  and a n n e a l e d  f o r  20 h o u r s  a t  
650OC. T h i s  c o r r e s p o n d s  t o  a p a r t i a l  p r e s s u r e  o f  s u l f u r  vapor  of 
a b o u t  0.14 atm, as  estimated from t h e  thermodynamic d a t a  f o r  t h e  
p y r r h o t i t e / p y r i t e  s y s t e m ( 2 ) .  A f t e r  t h i s  t r e a t m e n t ,  no s u l f u r  w a s  
d e t e c t e d  i n  t he  graphite.  

The p r e s e n t  o b s e r v a t i o n s  are i n  g e n e r a l  agreement  w i t h  
t h o s e  of Wibaut and  v a n  d e r  Kam(8) who found t h a t  even a t  s u l f u r  
p r e s s u r e s  above  a t m o s p h e r i c ,  no d e t e c t a b l e  s u l f u r  w a s  absorbed  by 
e i t h e r  diamond powder o r  Ceylon g r a p h i t e .  

The r e s u l t s  o b t a i n e d  f o r  t h e  s y n t h e t i c  c h a r s  are g i v e n  i n  
F i g u r e s  1 6  and 1 7  f o r  600 and  900°C, r e s p e c t i v e l y .  In  m o s t  e x p e r i -  
ments  t h e  r e a c t i o n  t i m e  w a s  1 hour ;  however, s o m e  samples  were 
s u l f i d i z e d  f o r  l o n g e r  t i m e s  (up t o  3 h o u r s ) .  These samples  absorbed  
e s s e n t i a l l y  t h e  same amount o f  s u l f u r  as  t h o s e  s u l f i d i z e d  f o r  
1 hour .  Moreover, i t  w a s  o b s e r v e d  t h a t  e q u i l i b r i u m  could  be  reached  
from both  s i d e s .  F o r  example,  it was found t h a t  f i l t e r - p a p e r  c h a r  
( p r e p a r e d  a t  900OC) which  w a s  f i r s t  s u l f i d i z e d  i n  a 50 p e r c e n t  H2, 
50 p e r c e n t  H2S m i x t u r e  a t  6OOOC to  a f i n a l  s u l f u r  c o n t e n t  o f  ' ~ 1  p e r -  
c e n t  could  s u b s e q u e n t l y  b e  p a r t i a l l y  d e s u l f u r i z e d  i n  a 90 p e r c e n t  
H 2 ,  1 0  p e r c e n t  H 2 S  m i x t u r e  t o  y i e l d  a f i n a l  s u l f u r  c o n t e n t  o f  
0 . 4  p e r c e n t .  T h i s  is  e s s e n t i a l l y  t h e  s a m e  a s  t h e  s u l f u r  c o n t e n t  
a f t e r  d i r e c t  s u l f i d a t i o n  of  t h e  c h a r  i n  t h e  s a m e  g a s  m i x t u r e .  
S i m i l a r  o b s e r v a t i o n s  w e r e  made a t  900°C, i n d i c a t i n g  t h a t  t h e  absorbed  
s u l f u r  is i n  e q u i l i b r i u m  w i t h  t h e  g a s  and t h a t  t h e  p r o c e s s  o f  
s u l f u r  u p t a k e  i s  r e v e r s i b l e .  

The s u r f a c e  areas o f  t h e  c h a r s  (Table  11) are  i n d i c a t e d  
i n  F i g u r e s  1 6  a n d  1 7 .  It is s e e n  t h a t  a c h a r  w i t h  a l a r g e r  s u r f a c e  
area has,  i n  g e n e r a l ,  a l a r g e r  c a p a c i t y  f o r  s u l f u r  a b s o r p t i o n .  The 
r e s u l t s  o b t a i n e d  f o r  coal  c h a r  are a l s o  shown i n  F i g u r e s  1 6  and 17  
f o r  easy comparison.  C o a l  c h a r  and f i l t e r - p a p e r  c h a r  (prepared  a t  
600  and 900 'C)  have a b o u t  t h e  same s u r f a c e  areas and are s e e n  t o  
a b s o r b  s i m i l a r  amounts  o f  s u l f u r .  

The r e s u l t s  o f  x- ray  a n a l y s i s  o f  t h e  v a r i o u s  c h a r s  used 
i n  t h i s  i n v e s t i g a t i o n  w e r e  compared i n  a q u a l i t a t i v e  way w i t h  t h e  
d a t a  r e p o r t e d  by  Turkdogan e t  a 1 . , ( 9 )  as  shown i n  Table  I11 t o g e t h e r  
w i t h  e s t i m a t e d  mean c r y s t a l l i t e  s i z e s .  I t  w a s  ment ioned b e f o r e  
t h a t  g r a p h i t i z e d  e l e c t r o d e  g r a p h i t e ,  which has  a mean c r y s t a l l i t e  
s i z e  of 5 0 0  A ,  d i d  n o t  a b s o r b  s u l f u r ,  whereas  t h e  n o n g r a p h i t i z e d  
c h a r s  d i d .  Thus, it i s  concluded  from t h e s e  r e s u l t s  t h a t  t h e  
a b i l i t y  o f  a g i v e n  c h a r  o r  c a r b o n  t o  a b s b r b  s u l f u r  i s  i n  t h e  f i r s t  
p l a c e  de te rmined  by i t s  s t a t e  o f  c r y s t a l l i n i t y .  I n  p o o r l y  g r a p h i t i z e d  
o r  n o n g r a p h i t i z e d  c a r b o n s ,  t h e  amount of  absorbed  s u l f u r  i n c r e a s e s  
w i t h  i n c r e a s i n g  p o r e  s u r f a c e  a r e a .  
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I n  view o f  t h e  s t r o n g  a f f i n i t y  between s u l f u r  and  oxygen, 
a n  a t t e m p t  w a s  made t o  i n v e s t i g a t e  t h e  e f f e c t  o f  oxygen on t h e  
s u l f u r  a b s o r p t i o n  by c h a r .  The i n i t i a l  oxygen c o n t e n t  of  s y n t h e t i c  
c h a r s  i s  shown a s  a f u n c t i o n  o f  t h e  s u r f a c e  a r e a  i n  F i g u r e  1 8 .  I t  
i s  s e e n  t h a t  the i n i t i a l  oxygen c o n c e n t r a t i o n  i s  a s t r o n g  f u n c t i o n  
of t h e  s u r f a c e  area and hence t h e  t e m p e r a t u r e  a t  which t h e  c h a r  w a s  
p r e p a r e d  (Table  11). 

T o  s t u d y  t h e  change i n  oxygen c o n c e n t r a t i o n  a f t e r  s u l f i d a -  
t i o n  of t h e  c h a r s ,  a series o f  s p e c i a l  e x p e r i m e n t s  w a s  conducted ;  
t h e  r e s u l t s  are summarized i n  Table  I V .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  oxygen c o n t e n t  a f t e r  s u l f i d a t i o n  w a s  i n d e p e n d e n t ,  w i t h i n  
t h e  a n a l y t i c a l  error, of t h e  r a t io  ( p ~ ~ ~ / p ~ ~ ) ~  i n  t h e  g a s .  
i n c r e a s e  i n  t h e  s u l f i d a t i o n  t e m p e r a t u r e  r e s u l t e d  i n  a lower oxygen 
c o n t e n t  i n  t h e  c h a r ,  p a r t i c u l a r l y  i f  t h e  c h a r  had a l a r g e r  s u r f a c e  
area ( F i g u r e  1 8 ) .  

An 

In a l l  cases i n v e s t i g a t e d ,  it w a s  found t h a t  t h e  c h a r s  
w i t h  l a r g e  s u r f a c e  areas c o n t a i n e d  more oxygen. Because o f  t h e  
i n t e r d e p e n d e n c e  o f  s u r f a c e  a r e a  and oxygen c o n t e n t ,  it is d i f f i c u l t  
t o  s e p a r a t e  t h e i r  e f f e c t s  on t h e  c a p a c i t y  o f  a g i v e n  c h a r  fo r  
s u l f u r  a b s o r p t i o n .  However, some i n d i c a t i o n  of t h e  i n f l u e n c e  of 
oxygen on t h e  s u l f u r  a b s o r p t i o n  may be o b t a i n e d  from t h e  r e s u l t s  
shown i n  Table  I V .  For  i n s t a n c e ,  t h e  s u r f a c e  areas o f  f i l t e r - p a p e r  
c h a r  p r e p a r e d  a t  600 and 9OOOC were 330 and 2 1 2  m2/g, r e s p e c t i v e l y ,  
a d i f f e r e n c e  of a b o u t  20 p e r c e n t .  A f t e r  s u l f i d a t i o n  a t  6OOOC i n  a 
g a s  o f  h igh  s u l f u r  p o t e n t i a l ,  t h e  oxygen c o n t e n t s  o f  t h e s e  c h a r s  
d i f f e r e d  by a b o u t  a f a c t o r  of  t w o ,  y e t  t h e  d i f f e r e n c e  i n  s u l f u r  
a b s o r b e d  was n o t  m o r e  t h a n  a b o u t  1 0  p e r c e n t .  These f i n d i n g s  i n d i c a t e  
t h a t  t h e  i n f l u e n c e  o f  oxygen on t h e  s u l f u r  a b s o r p t i o n  i s  p r o b a b l y  
secondary .  

I n  t h i s  c o n t e x t  t h e  work o f  Hofmann and O h l e r i c h ( 1 0 )  
s h o u l d  be mentioned.  They t r e a t e d  s u g a r  c h a r c o a l  i n  d r y  0 2  a t  
a b o u t  500OC t o  o b t a i n  a c h a r  c o n t a i n i n g  a b o u t  10 p e r c e n t  oxygen as  
s u r f a c e  complexes. Upon s u l f i d a t i o n  of  t h i s  oxygenated c h a r  i n  S2 
a t  6OO0C, t h e y  found t h a t  t h e  amount of  s u l f u r  t a k e n  up w a s  e q u a l  
t o  t h a t  absorbed  by a c h a r  which w a s  n o t  p r e v i o u s l y  a c t i v a t e d  i n  
oxygen. Hofmann and O h l e r i c h  concluded ,  as  d i d  Hofmann and 
N o b b e ( l l ) ,  t h a t  t h e  amount o f  s u l f u r  absorbed  by c h a r  i s  dependent  
o n l y  on  i t s  s u r f a c e  area. 

Some o f  t h e  f i l t e r - p a p e r  c h a r s  used  i n  t h i s  work w e r e  
a n a l y z e d  f o r  hydrogen and  n i t r o g e n .  
T a b l e  V,  which shows t h a t  t h e  major i m p u r i t i e s  i n  f i l t e r - p a p e r  c h a r  
are oxygen and hydrogen.  The oxygen and hydrogen c o n t e n t s  d e c r e a s e  
w i t h  i n c r e a s i n g  t e m p e r a t u r e  of c h a r  p r e p a r a t i o n ,  w h i l e  t h e  n i t r o g e n  
c o n t e n t  remains  e s s e n t i a l l y  c o n s t a n t .  

The r e s u l t s  are summarized i n  

The s h a p e  o f  t h e  c u r v e s  i n  F i g u r e  1 9 ,  i n  which t h e  amount 
of s u l f u r  i n  some s y n t h e t i c  c h a r s  i s  shown as a f u n c t i o n  o f  
( P H ~ s / P H ~ ) ~ ,  s t r o n g l y  s u g g e s t s  a b s o r p t i v e  b e h a v i o r .  Hayward and 
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T r a p n e l l ( l 2 )  g i v e  examples  o f  t y p i c a l  a b s o r p t i o n  i s o t h e r m s  and n o t e  
t h a t  chemisorp t ion  n o r m a l l y  g i v e s  r i se  t o  i s o t h e r m s  o f  t h i s  g e n e r a l  
form. 

Although a t r e a t m e n t  o f  t h e  p r e s e n t  r e s u l t s  i n  t e r m s  of 
i d e a l i z e d  a b s o r p t i o n  i s o t h e r m s  i s  open t o  c r i t i c i sm,  a n  a t t e m p t  
w i l l  n e v e r t h e l e s s  be made t o  t r e a t  t h e  r e s u l t s  a c c o r d i n g l y .  I t  
w i l l  b e  shown t h a t  s u c h  a t r e a t m e n t  l e a d s  t o  r e s u l t s  which may be 
c o n s i d e r e d  r e a s o n a b l e .  

Assuming t h a t  t h e  chemisorbed s u l f u r  forms a n  i d e a l  
monolayer and t h a t  e a c h  chemisorbed s p e c i e s  o c c u p i e s  a s i n g l e  s i te,  
a p p l i c a t i o n  o f  t h e  i d e a l  Langmuir i s o t h e r m  g i v e s ( l 2 )  

e 
~ ( 1  - e )  a =  

where a i s  t h e  a c t i v i t y  o f  t h e  chemisorbed s p e c i e s ,  '8 t h e  f r a c t i o n a l  
coverage ,  and B a tempera ture-dependent  p a r a m e t e r  c o n t a i n i n g  t h e  
h e a t  o f  c h e m i s o r p t i o n  o f  s u l f u r .  The f r a c t i o n a l  coverage  
e = v/vm, where v i s  t h e  volume o f  chemisorbed s u l f u r  (STP) p e r  
gram of c h a r  and vm t h e  volume g i v i n g  a comple te  monolayer o f  
s u l f u r  on  t h e  s u r f a c e  o f  t h e  c h a r .  The s u r f a c e  area, S m2/g, i s  
r e l a t e d  t o  vm by t h e  f o l l o w i n g  e x p r e s s i o n :  

V m . 10-20 s = -  
2 2 4 1 4  NA 

where N i s  Avogadro 's  number and A t h e  c r o s s - s e c t i o n a l  a r e a  of  an 
absorbed s p e c i e s  i n  A 2 .  The volume, v ,  o f  t h e  chemisorbed s u l f u r  
is o b t a i n e d  from t h e  measured s u l f u r  c o n c e n t r a t i o n  a s  f o l l o w s :  

2 2 4 1 4  v , , =  - 3200 (%') 3 )  

S u b s t i t u t i n g  f o r  t h e  s u l f u r  a c t i v i t y  a = ( P H ~ S / P H ~ ) T ,  
e = v/vm, and making u s e  o f  E q u a t i o n s  2 and 3 ,  t h e  f o l l o w i n g  expres-  
s i o n  is o b t a i n e d  from Equat ion  1. 

The e x p e r i m e n t a l  r e s u l t s  p l o t t e d  i n  accordance  w i t h  Equat ion  4 a r e  
g i v e n  i n  F i g u r e s  2 0  and 2 1  f o r  6 0 0  and 9OO"C, r e s p e c t i v e l y .  
s l o p e  o f  e a c h  l i n e  s h o u l d  b e  p r o p o r t i o n a l  t o  1/S; i n  f a c t ,  t h i s  i s  
shown to be  t h e  'case i n  F i g u r e  2 2 ,  i n  which l o g  ( s l o p e )  i s  d e p i c t e d  
a s  a l i n e a r  f u n c t i o n  o f  l o g  S w i t h  a t h e o r e t i c a l  s l o p e  of -1. 
From t h e  i n t e r c e p t  of t h i s  l i n e  w i t h  t h e  o r d i n a t e  t h e  v a l u e  of  A ,  

The 
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t h e  c r g s s - s e c t i o n a l  a r e a  of a chemisorbed s p e c i e s ,  i s  c a l c u l a t e d  t o  
b e  1 7  A 2 .  
r a n g i n g  from 1 0  t o  50 A2 a s  e s t i m a t e d  from p h y s i c a l  a b s o r p t i o n  d a t a  
f o r  a v a r i e t y  o f  g a s e s ( l 2 ) .  

T h i s  v a l u e  as t o  be  compared w i t h  c r o s s s e c t i o n a l  areas 

According t o  Equat ion  4 ,  t h e  i n t e r c e p t s  o f  t h e  l i n e s  i n  
F i g u r e s  20 and 2 1  w i t h  t h e  o r d i n a t e  should  be  p r o p o r t i o n a l  t o  1/S. 
T h i s  1s shown t o  be  t h e  case i n  F i g u r e  23, i n  which l o g  ( i n t e r c e p t )  
i s  d e p i c t e d  a s  a f u n c t i o n  o f  l o g  S w i t h  a t h e o r e t i c a l  s l o p e  o f  -1. 
From t h e  i n t e r c e p t s  o f  bo th  l i n e s  w i t h  t h e  o r d i n a t e ,  t o g e t h e r  w i t h  
t h e  p r e v i o u s l y  de te rmined  v a l u e  of A,  t h e  tempera ture-dependent  
p a r a m t e r  B i s  o b t a i n e d .  T h i s  parameter  i s  p r o p o r t i o n a l  t o  e d R T ,  
where q i s  t h e  h e a t  of  c h e m i s o r p t i o n  o f  s u l f u r  on c h a r .  From t h e  
t e m p e r a t u r e  dependence of B, t h e  v a l u e  of q i s  e s t i m a t e d  to  be 
a b o u t  -10 kcal /mole,  a r e a s o n a b l e  v a l u e  when compared w i t h  t h e  
h e a t s  o f  c h e m i s o r p t i o n  o f  o t h e r  g a s e s  on c a r b o n ,  as  l i s t e d  by 
Hayward and T r a p n e l l ( 1 2 ) .  

The f o r e g o i n g  a n a l y s i s ,  a l t h o u g h  o f  n e c e s s i t y  o v e r s i m p l i -  
f i e d ,  shows t h a t  t h e  a b s o r p t i o n  of s u l f u r  by s y n t h e t i c  c h a r s  is 
most l i k e l y  mainly governed by chemisorp t ion .  It  i s  t h u s  e x p e c t e d  
t h a t  t h e  s u r f a c e  area i s  a n  i m p o r t a n t  parameter  i n  d e t e r m i n i n g  
whether  a g i v e n  c h a r  o r  carbon i s  a b l e  t o  r e t a i n  s i g n i f i c a n t  q u a n t i -  
t i e s  of  s u l f u r .  T h i s  i s  i n  agreement  w i t h  ear l ie r  work by Hofmann 
and Nobbe( l1)  and  by Polansky,  e t  a l .  ( 7 ) .  

However, t h e  s u r f a c e  area i s  n o t  t h e  o n l y  parameter  t o  b e  
c o n s i d e r e d .  For  i n s t a n c e ,  e l e c t r o d e  g r a p h i t e  i n  t h e  unoxid ized  
s t a t e  h a s  a s u r f a c e  area o f  1 m2/g(9) ,  approximate iy  t h e  same as 
f i l t e r - p a p e r  c h a r  p r e p a r e d  a t  1500°C (Table  11). Y e t ,  no take-up 
o f  s u l f u r  by e l e c t r o d e  g r a p h i t e  w a s  observed  a f t e r  s u l f i d a t i o n  i n  
5 0  p e r c e n t  H2, 50  p e r c e n t  H2S a t  1000°C. The mean c r y s t a l l i t e  
s i z e ,  t o g e t h e r  w i t h  t h e  X-ray a n a l y s i s ,  of e l e c t r o d e  g r a p h i t e ( 9 )  
shows t h a t  i t s  n a t u r e  is g r a p h i t i c  and t h e r e f o r e  more o r d e r e d .  
Blayden and P a t r i c k ( l 3 )  concluded from t h e i r  work t h a t  s o - c a l l e d  
d i s o r d e r e d  c a r b o n s  w i t h  s m a l l  ca rbon  l a y e r s  ( e q u i v a l e n t  t o  mean 
c r y s t a l l i t e  s i z e )  and many d e f e c t s  are b e t t e r  a b l e  t o  a b s o r b  s u l f u r  
t h a n  t h e  more c r y s t a l l i t e  and g r a p h i t i c  c a r b o n s .  The p r e s e n t  
f i n d i n g s  are  c o n s i s t e n t  w i t h  t h i s  v iewpoin t .  

Conclus ions  

I n  t h e  absence  o f  i m p u r i t i e s  such  a s  i r o n ,  t h e  a b i l i t y  of 
c h a r s  or carbons  t o  a b s o r b  s i g n i f i c a n t  amounts of s u l f u r  i n  a s u l -  
f i d i z i n g  g a s  such  a s  a Hz-H~S m i x t u r e  depends on t h e  s ta te  of 
c r y s t a l l i n i t y  of t h e  carbonaceous  m a t e r i a l .  The s u l f u r  a b s o r p t i o n  
d e c r e a s e s  w i t h  i n c r e a s i n g  c r y s t a l l i t e  s i z e . ' o  I n  g e n e r a l ,  c a r b o n s  
having  a mean c r y s t a l l i t e  s i z e  of a b o u t  1 5  A or  less a b s o r b  s i g n i f i -  
c a n t  amounts o f  s u l f u r  when t r e a t e d  i n  Hz-H~S m i x t u r e s .  For  c a r b o n s  
w i t h  a g i v e n  c r y s t a l l i t e  s i z e ,  t h e  h i g h e r  t h e  pore  s u r f a c e  a r e a  t h e  
h i g h e r  i s  t h e  amount o f  s u l f u r  absorbed .  

I 

! 
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S u l f u r  a b s o r p t i o n  i n  h i g h - p u r i t y  c h a r s ,  o b t a i n e d  from 
a s h - f r e e  f i l t e r  p a p e r ,  i n c r e a s e d  w i t h  i n c r e a s i n g  s u l f u r  a c t i v i t y  
and pore s u r f a c e  a r e a  o f  t h e  c h a r .  T h i s  i s  i n  a c c o r d  w i t h  t h e  
Langmuir r e l a t i o n  f o r  c h e m i s o r p t i o n  on  s i n g l e  s i tes i n  an i d e a l  
monolayer. 

I t  is c o n c l u d e d  from t h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  
t h a t  s u l f u r  is n o t  accommodated i n  t h e  t h r e e - d i m e n s i o n a l  l a t t i c e  o f  
t h e  carbon b u t  i s  chemisorbed  on the s u r f a c e .  However, s u c h  chemi- 
s o r p t i o n  t a k e s  p l a c e  o n l y  on t h e  p o r e  w a l l s  o f  n o n g r a p h i t i c  ( p o o r l y  
c r y s . t a l l i n e )  c a r b o n s ,  o f  which c h a r s  are  good examples .  
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Table  I1 

Source,  C o n d i t i o n s  of  P r e p a r a t i o n ,  I n i t i a l  S u l f u r  ( S i )  
and Oxygen ( O i )  C o n t e n t s  and S u r f a c e  A r e a  ( S A )  

of t h e  V a r i o u s  Chars  S t u d i e d  

Source  

I l l i n o i s  Coal  

Ash-free F i l t e r  
P a p e r  (0 .008% 
a s h )  

P r o p e r t i e s  of t h e  Char P r e p a r a t i o n  
C o n d i t i o n s  SA, m2/g S i ,  % o; ,  % 

5 atm H Z ,  8OOOC f o r  400  0.05 - 
3 h  

1 a t m  H e ,  6OO0C, 3h 3 3 0  0.00 4 . 0  
1 atm H e ,  900°C, 3h 272 0 .00  1 . 4  
1 a t m  H e ,  600"C, 3h+ 
1 a t m  H e ,  125OoC, 24h 
1 a t m  H e ,  6OO0C, 3h+ 
1 a t m  H e ,  1500"C, 96h 

0 .00  0 . 3 4  

0.00  0.14 

1 30 

T a b l e  111 

Q u a l i t a t i v e  Cor-par ison of t h e  C r y s t a l l i n i t y  o f  F i l t e r - P a p e r  C h a r s  

9 )  
Used i n  T h i s  Work N i t h  t h e  C r y s t a l l i n i t y  and Plean 

C r y s t a l l i t e  S i z e  o f  Some Carbons J n l r e s t i g a t e d  by T.arkdoqan, e t  al. 

Type o f  Char C r y s t a l l i n i t y  from Turkdogan ' s  Work 
and P r e p a r a t i o n  Q u a l i t a t i v e  Comparison Mean C r y s t a l l i t e  

Temp., O C  From X-ray A n a l y s i s  S i z e ,  K 

-10 - -16 F i l t e r  paper  (600)  Between c o c o n u t  c h a r c o a l  and 

F i l t e r  p a p e r  (900)  1 " v i t r e o u s "  c a r b o n  

F i l t e r  p a p e r  (1250)  Approaching v i t r e o u s  carbon 

F i l t e r  paper  ( 1 5 0 0 )  Same as  v i t r e o u s  c a r b o n  

-16 

-16 



T a b l e  I V  

Oxygen and  S u l f u r  C o n t e n t s  of F i l t e r - P a p e r  C h a r s  A f t e r  

V a r i o u s  S u l f u r  P o t e n t i a l  
s u l f i d a t i o n  a t  600 and 900°C f o r  1 H r  i n  Gases  of  

S u l f  i d a t i o n  P r e p a r a t i o n  
Tempera ture ,  T e m p e r a t u r e ,  PH2S S u l f i d i z e d  Char 

% S  O i l  % 
( K ) T  - OC "C 

0.05 1.7 0.80 
61.5 1.6 9.50 600 600 4 . 0  

900 

0.05 0.8 0.20 
61.5 0.8 8.40 

1250 0.34 0.05 0.2 0.03 

0.05 0.1 0.02 
61.5 0.1 0.05 

0.05 0.7 0.90 
7.6 0.6 7.50 

0.05 0.9 0.40 
7.6 0.6 5.80 

1.4 900 

1500 

600 4 . 0  

900 1.4 

0.05 0.1 0.01 
7.6 0.1 0.25 

0.14 1500 

* Oi = i n i t i a l  oxygen c o n t e n t  o f  t h e  c h a r  

T a b l e  V 

Chemica l  Analysis of F i l t e r - r a p e r  Char 
i n  R e l a t i o n  t o  P r e p a r a t i o n  Tempera ture  

Char-  
P r e p a r a t i o n  Composi t ion ,  weicjht p e r c e n t  

Tempera ture ,  " C  Carbon Oxygen Hydrogen N i t r og e n 

600 93.9 4.0 1.9 0.02 

900 97.0 1.4 0.6 0.06 

1250 99.6 0.34 0.2 0.04 
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Figure 14. SULFIDATION OF PREVIOUSLY DESULFURIZED CHAR FROM 
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F w r e  22. SLOPE OF CHEMISORPTION ISOTHERMS AT 60J AND 9XfC AS 
A FUNCTION OF THE SURFACE AREA OF THE CHAR 

2.0 THEORETICAL 
SLOPE - 1  

1.6 

3 1  

0 -  

0.4 - 

-04- 

-3.a - 
I I I I I I 

0 0.4 0.8 1.2 I 6  2.0 2.4 

LOG 3 
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FLUID-BED CARBONIZATION/DESULFURISATION 
OF ILLINOIS COAL BY THE CLEAN COKE 

PROCESS: PDLl S'I'UDIES* 

N .  S .  Boodman, T. F. Johnson, and K. C. Krupinski 

U. S .  Steel Corporation 
Research Laboratory - MS 57 
Monroeville, Pa. 15146 

Introduction - 
The CLEAN COKE Process combines both fluid-bed carbonization 

and hydrogenation/liquefaction to convert high-sulfur coal to low- 
sulfur metallurgical coke, chemical feedstocks, and to a lesser ex- 
tent, liquid and gaseous fuels. The overall processing scheme, which 
has previously been described in detail (l), is illustrated by the 
sketch in Figure 1. 

Briefly, run-of-mine coal is beneficiated and classified by 
conventional means and split into two feed portions: a sized frac- 
tion suited for fluid-bed processing and a fines fraction suited for 
high-pressure hydrogenation. The sized feed is dried and subjected 
to a mild surface oxidation in a nonpressurized bed fluidized with 
air-enriched flue gas. The dry, preoxidized feed is then carbonized 
in two stages, at 820°F (44OOC) and 1400°F (76OoC), in fluid-bed 
reactors operated at pressures up to 1 5 0  psig, to produce low-sulfur 
char, tar, and gas rich in methane and hydrogen. The fines fraction 
of the beneficiated coal, combined with run-of-mine coal, is dried, 
pulverized, and slurried with a process-derived oil. The slurry is 
then pumped to a pressure reactor and liquefied at 850 to 900°F ( 4 5 5  
to 4 8 O O C )  and a pressure of 3000 to 4000 psig to produce liquids and 
C to-C4 hydrocarbon gases. Liquids from both operations are dis- 
tilled to produce a light chemical oil, a middle oil for recycle to 
the hydrogenation reaction, and a heavy oil. The heavy oil, a soft 
pitch, is combined with the carbonization char and processed to make 
a low-sulfur metallurgical formcoke, currently in the form of pellets. 
Similarly, product gases from all operations are combined and pro- 
cessed to produce hydrogen for the hydrogenation operation, fuel, 
ethylene and propylene, sulfur, and ammonia. A detailed description 
of yield of chemical products and process economics has been presented 
previously (2) . 

1- 

This paper presents the results obtained from sustained 
operation of the carbonization PDU (process-development unit). These 
results confirm and extend the data obtained previously in bench 
studies ( 3 ) .  All tests were run with Illinois N o .  6 seam coal con- 

* Prepared for the U. s. Energy Research and Development Administra- 
tion, under Contract N o .  E(49-181-1220. 
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t a i n i n g  2 t o  2.5 p e r c e n t  s u l f u r  a f t e r  p r e p a r a t i o n .  From t h i s  were 
produced c h a r s  c o n t a i n i n g ,  g e n e r a l l y ,  0 .6  t o  0 .7  p e r c e n t  s u l f u r ;  char  
c o n t a i n i n g  a s  l i t t l e  as  0 . 2  p e r c e n t  s u l f u r  w a s  produced under  t h e  
more s e v e r e  r e a c t i o n  c o n d i t i o n s .  Reac t ion  c o n d i t i o n s  i n v e s t i g a t e d  
f o r  t h e i r  e f f e c t  on  c h a r  s u l f u r  c o n t e n t  i n c l u d e d  r e s i d e n c e  t i m e ,  t e m -  
p e r a t u r e ,  p r e s s u r e ,  and H2S c o n c e n t r a t i o n  i n  t h e  f l u i d i z i n g  g a s .  
Data are a l s o  p r e s e n t e d  t o  show t h e  weight  d i s t r i b u t i o n  o f  m a t e r i a l s  
i n t o  and o u t  of  t h e  PDU system. The scale of  t h e  tests d i s c u s s e d  i n  
t h i s  paper  i s  b e s t  i l l u s t r a t e d  by a d e s c r i p t i o n  of t h e  d e s i g n  and 
opera  t i o n  o f  t h e  c a r b o n i z a t i o n  PDU. 

The C a r b o n i z a t i o n  PDU 

F i g u r e  2 is a photograph of  t h e  c a r b o n i z a t i o n  PDU, i n  which 
t h e  f l u i d - b e d  reactor o c c u p i e s  t h e  second l e v e l ;  feed  v e s s e l s  are on 
t h e  t o p  l e v e l ;  t h e  c h a r  r e c e i v e r s  are  a t  f l o o r  l e v e l .  Two o t h e r  
v e s s e l s  v i s i b l e  a t  f l o o r  l e v e l  i n  t h e  p i c t u r e  a r e  l i q u i d  c a t c h p o t s  
a t t a c h e d  t o  t h e  gas- to-gas  h e a t  exchanger  (on t h e  r i g h t )  and t h e  
water-cooled exchanger  (on t h e  l e f t ) .  C o n s t r u c t i o n  d e t a i l s  o f  t h e  
f l u i d - b e d  c a r b o n i z e r  are i l l u s t r a t e d  by t h e  diagram i n  F i g u r e  3 .  The 
v e s s e l ,  i n c l u d i n g  t o p  and bottom c l o s u r e s ,  i s  9 f e e t  3 i n c h e s  t a l l  
and i s  f a b r i c a t e d  from 1- inch- th ick  Incoloy  A l l o y  800 t o  permi t  opera-  
t i o n  a t 1 5 0 0 O F  (815OC) and 150 p s i g .  The lower 36-inch s e c t i o n  of 
t h e  r e a c t o r  is t h e  10-inch-ID f l u i d - b e d  a r e a ;  t h e  expanded upper  36- 
inck  s e c t i o n  h a s  a 20-inch ID, t o  f a c i l i t a t e  deent ra inment  o f  f i n e  
s o l i d s  f r o m  t h e  f l u i d i z i n g  gas .  Feed e n t e r s  t h e  f l u i d  bed by g r a v i t y  
f low through t h e  f e e d  p i p e ,  p o s i t i o n e d  about  1 i n c h  above t h e  gas-  
d i s t r i b u t o r  p l a t e ;  c h a r  e x i t s  t h e  f l u i d  bed through t h e  over f low p i p e  
a t  30 i n c h e s  above t h e  d i s t r i b u t o r  p l a t e .  The v e s s e l  a l so  c o n t a i n s  
an i n t e r n a l  c y c l o n e ,  which removes c h a r  f i n e s  from t h e  e x i t i n g  g a s  
and r e t u r n s  them t o  t h e  f l u i d  bed. 

The major  components and s t ream f lows  o f  t h e  complete  PDU a r e  
i l l u s t r a t e d  i n  t h e  s i m p l i f i e d  diagram i n  F i g u r e  4 .  Feed i s  metered 
by r o t a r y  f e e d e r s  f rom e i t h e r  of t w o  lock  hoppers  t o  t h e  f lu id-bed  
c a r b m i z e r ,  from which product  c h a r  over f lows  and f a l l s  i n t o  one of 
t h e  t w o  r e c e i v e r s ,  a lso l o c k  hoppers .  Residence t i m e  i n  t h e  r e a c t o r  
i s  c o n t r o l l e d  by v a r y i n g  t h e  s o l i d s  f e e d  ra te .  

G a s  d e r i v e d  from c a r b o n i z a t i o n  o f  t h e  f e e d  i s  r e c y c l e d  through 
t h e  system t o  f l u i d i z e  t h e  bed. C a r b o n i z a t i o n  g a s e s ,  a long  w i t h  re- 
c y c l e  g a s ,  l e a v e  t h e  f l u i d  bed,  p a s s  through t h e  i n t e r n a l  cyc lone  i n  
t h e  expanded s e c t i o n ,  and leave t h e  ves se l .  The gas  then  p a s s e s  
t h r o u g h  a n  e x t e r n a l  c y c l o n e  and i n t o  t h e  gas- to-gas  i n t e r c h a n g e r  
( s h e l l  and t u b e  d e s i g n ) ,  where it i s  p a r t i a l l y  cooled  by h e a t  ex- 
change wi th  c l e a n  r e c y c l e  g a s  r e t u r n i n g  t o  t h e  main g a s  h e a t e r .  
t h e  i n t e r c h a n g e r ,  the  c a r b o n i z a t i o n  g a s  i s  also c o n t a c t e d  w i t h  a spray  
of wash o i l  t o  remove t a r  m i s t  and c h a r  d u s t ,  which col lect  i n  t h e  
i n t e r c h a n g e r  p o t .  The g a s  then  p a s s e s  t o  a water-cooled exchanger  
for f i n a l  c o o l i n g  t o  a b o u t  llO°F (45OC), a f t e r  which it p a s s e s  i n  
series through a wash-o i l  s c r u b b e r  and a c a u s t i c  sc rubber  f o r  f i n a l  

In  
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cleanup of tar mist, char dust, and acid gases-particularly IIZS. 
The clean gas is then recycled by a compressor through the shell side 
of the interchanger to the main electric heater, where it is reheated 
to the temperature desired to maintain the fluid bed at design tempera- 
ture. Actual temperature of gas from the heater varies with operating 
conditions in the reactor, but the temperature of gas exiting the 
heater is on the order of 100°F (55OC) higher than bed temperature. 
Net product gas is vented by a pressure regulator-controller through 
a wet-test meter and sampled for analysis. 

The function of the water-injection system, Figure 4, is to 
maintain a concentration of about 8 volume percent water vapor in the 
recycle gas while t he  gas is in contact with the hot alloy-metal sur- 
faces of the main gas heater during second-stage carbonization. The 
presence of 8 volume percent water vapor, along with 50  ppm H2S, pre- 
vents formation of carbon deposits on the hot metal surfaces, which 
attain temperatures above about 1500'F during second-stage carboniza- 
tion. Previous experience has shown that, without the water vapor, 
carbon deposits grew to sufficient size to significantly impede gas 
flow through the heater. Moreover, the carbon resulted in cata- 
strophic carburization of the metal and destroyed the original 
recycle-gas heater. With water vapor and H2S present, carbon forma- 
tion is controlled, at least up to metal wall temperatures of 1550'F 
(845OC). Water is injected as a liquid into the interchanger shell- 
side gas inlet, where it is vaporized by external electric heaters. 
Most of the injected water condenses in the wash-oil quench in the 
interchanger pot and in the gas cooler. The remainder of the water 
condenses into the caustic-scrubber solution. 

It should be noted that the wash-oil spray system is operated 
in uifferent modes for the two stages of carbonization. For first- 
stage carbonization at 8 2 0 ° F ,  wash-oil quench of the gas occurs at 
the top of the interchanger to provide a washed-tube flow, which pre- 
vents plugging of the tubes by tar/char agglomerates. For second- 
stage carbonization at 1300 to 140Q°F (705 to 76Q°C), wash-oil quench 
of the gas occurs below the interchanger tube bundle. In this mode, 
tube,-exit gas temperature is controlled at about 900'F (48OOC) to 
prevent condensation of tar within the tubes. 

Fresh wash oil, at about 2 gallons per hour, is metered con- 
tinuously into the wash-oil scrubber to maintain a low concentration 
of tar and char fines in the oil system. Overflow from the level- 
controlled scrubber flows into the gas-cooler pot, from which the 
wash oil is pumped to the spray nozzle in the gas/gas interchanger. 
Wash-oil blowdown, including dissolved tar and suspended water and 
char, is removed from the interchanger pot. Wash-oil blowdown is 
screened to remove plus 50-mesh solids, heated to boil off contained 
water, and flash-distilled to separate heavy oil boiling above 540'F 
( 2 8 O o C ) ,  which is used as part of the binder for coke production. 
The flash distillate is processed through a continuous distillation 
column at atmospheric pressure to separate a chemical o i l  distilling 
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to 445OF ( 2 3 O O C )  as overhead and fresh wash oil as bottoms. The 
wash oil consists essentially of mono- and dimethylnaphthalenes, ace- 
naphthene, and quinoline bases. 

The final system is caustic scrubbing, which is used to con- 
trol H2S concentration in the recycle gas. Normally, H2S concentra- 
tion in the gas is maintained in the range 50 to 100 ppm, which aids 
in controlling carbon deposition from the catalytic decomposition of 
the carbon components in the gas. Control of H2S concentration may 
be effected by means of partial bypass of gas around the caustic 
scrubber and by varying the rate of metering fresh caustic solution 
(about 7% NaOH) into the scrubber. Generally, the PDU operators 
prefer to use the latter method. 

The Continuous Coal Oxidizer 

An important adjunct to the carbonization PDU, the continuous 
coal oxidizer dries and preoxidizes the sized coal feed. The need 
for preoxidation of Illinois coal was discussed in the previous paper 
( 3 )  on bench-scale studies, which showed that a mild surface oxidation 
of the coal diminishes its caking tendency sufficiently to prevent 
its agglomeration when it is heated at 800°F (425OC) in first-stage 
carbonization. Mild surface 6xidation in this use refers to oxidation 
so slight that petrographic examination reveals virtually no change 
in the surface of the treated coal (4). 

In practice, sized coal feed is heated at 350'F (177OC) for 
a 20-minute residence time in a bed fluidized with air at atmospheric 
pressure. The continuous coal oxidizer, shown in Figure 5, is similar 

. in design and operation to the carbonizer reactor. The unit consists 
of a 10-inch-ID carbon-steel fluid-bed reactor with a coal-feed and 
product-overflow system and an electrically heated air supply. AS in 
the PDU, the fluid bed of the coal oxidizer is heated to and maintained 
at design temperature by the heated fluidizing air. This unit is 
capable of oxidizing up to 1 ton of coal per 24 hours of operation, 
and it is normally operated at a coal feed rate of about 60 pounds per 
hour. 

Heated air is used in the existing coal oxidizer for conve- 
nience only. 
with waste flue gas containing about 2 percent oxygen to achieve 
adequate preoxidation of the feed coal. 

In a larger operation, the oxidizer can be operated 

Because the effluent gas from the coal oxidizer contains only 

The 
moisture and dust from the fluid bed, waste-gas cleanup is accomplished 
by a small external cyclone and dust filters in the vent system. 
yield of dry, oxidized coal is essentially a function of moisture 
content in the coal charged, which is generally about 8 percent by 
weiqht. 

34 



Experimental Results From First-Stage Carbonization 

Carbonization of the oxidized coal in the PDU is conducted in 
two separate stages to avoid agglomeration of feed in the fluid bed. 
Initial carbonization is effected at temperatures in the range 8 0 0  to 
840'F ( 4 2 5  to 450'C) to partially devolatilize the coal and produce a 
semichar, which can be fed subsequently into a fluid bcd at 1400'F 
without agglomeration. The operating limits on temperature for the 
first stage were determined by bench-scale studies on the agglomeration 
problem. A nonagglomerating semichar was obtained at 8 0 0 ° F  and in- 
cipient agglomeration was observed at about 850'F. 

Although the primary function of first-stage carbonization is 
reduction of the agglomerating property of the coal, about two thirds 
of the carbonization tar is produced in this stage. Gas production is 
low in the first stage, amounting to about 15 weight percent of the 
total gas produced. Analysis of the recycle gas shows its composition 
(in mole % )  to be methane, 71; ethane, 13; carbon monoxide, 10; hydro- 
gen, 2 ;  and C2-to-Cq hydrocarbons, 4. 

Tests were made in the PDU to study the effect upon volatile- 
matter and sulfur contents in the semichar of bed temperature, resi- 
dence time, system pressure, and H2S concentration in the recycle gas. 
The variation in volatile-matter content with temperature and resi- 
dence time is illustrated in Figure 6, which shows that volatile- 
matter content varies inversely with temperature and residence time 
and is independent of pressure over the range 15 to 160 psia. In the 
figure, a few data points from a 1-inch continuous bench-scale unit 
were included to extend the pressure range to 15 psia. Generally, 
about half the volatiles were eliminated from the coal in first-stage 
carbonization, and all the semichar products were processed through 
second-stage carbonization without agglomeration. 

Response of sulfur content to residence time and temperature 
of first-stage carbonization is shown graphically in Figure 7.  Sul- 
fur content of the semichar product also varies inversely with tempera- 
ture and residence time and is independent of pressure over the ranges 
studied; conditions included temperatures of 8 0 0  and 84OoF, residence 
times of 20 to 80 minutes, and pressures of 8 0  to 160 psia. In these 
tests, H2S concentration was controlled in the range 50 to 100 ppm. 
However, a test was run at 8 0 0 ° F ,  5 2  minutes residence time, 120 psia, 
and H2S concentrations varying from 300 to 2000 ppm. The semichar 
product from this test contained 1.77 percent sulfur, which is in the 
range normally attained with low H2S concentration in the recycle gas. 

Temperature and residence time thus appear to be the only 
variables having an effect on volatiles and sulfur remaining in the 
semichar product. The data in Figures 6 and 7 indicate that, at the 
temperatures deemed feasible, first-stage devolatilization/desulfuriza- 
tiori is essentially complete in about 2 0  minutes residence time. To 
provide a consistent data base for process design, first-stage car- 
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bonizations in the PDU are now routinely run at 82O0F, 25 minutes 
residence time, 165 psia, and 100 ppm H2S in the recycle gas. Under 
these conditions, coal containing 35 percent volatile matter and about 
2.2 percent sulfur is converted to semichar containing 20 percent 
volatile matter and 1 . 7  to 1.8 percent sulfur. 

Experimental Results From Second-Stage Carbonization 

Tests were made in the PDU to study effects of temperature and 
residence time in the fluid bed upon sulfur content of the char pro- 
duced in second-stage carbonization. The ranges for these variables 
were 1250 to 141OOF (675 to 765OC) and 40 to 200 minutes. System 
pressure was generally 165 psia, although other tests were run at 
pressures of 80, 120, and 1 5 0  psia. Concentration of H2S in the re- 
cycle gas was controlled in the range 50 to 100 ppm, but concentra- 
tions as high as 1000 pprn H2S were studied in special tests. 

Results from the studies of temperature and residence-time 
effects are shown graphically in Figure 8 ,  which for clarity were 
limited to data obtained at temperatures of 1250, 1325, and 1400OF. 
Sulfur content of the semichar feed for the test series ranged from 
1.65 to 1.80 percent and averaged about 1.70 percent. The quantity 
of char produced at a single set of conditions was usually about 600 
pounds, and more than 1600 pounds of char was produced during the 
longest test. Sulfur content of the char products ranged from 1.1 
percent at the mildest conditions to 0.2 percent at 1400'F and 190 
minutes residence time. 

Temperature exerted the greatest effect on desulfurization of 
the char, as indicated in Figure 8 ;  a temperature increase of 75OF 
provided a lower char sulfur content than increasing residence time 
threefold or even fourfold. For example, 40 minutes residence at 
1400°F was the equivalent of 157 minutes at 1325OF in producing char 
containing 0.64 percent sulfur. It is apparent from the data that de- 
sulfurization of the feed occurred rapidly during the initial period 
of heating and devolatilization. Chars having sulfur contents in the 
range 0.7 to 0.8 percent were obtained in 40 to 50 minutes residence 
time at fluid-bed temperatures greater than about 1300°F. Desulfuriza- 
tion below about 0.8 percent sulfur proceeded at a much slower rate, 
and the rate then appeared to be almost completely linear with time. 

All the data in Figure 8 were obtained at a system pressure 
of 165 psia, except for the one point, indicated on the 1325OF line, 
which was obtained at a pressure of 100 psia. This point was in- 
cluded to show that the effect of pressure over the range 100 to 165 
psia is not discernible in the sulfur content of the char from the 
continuous fluid-bed reactor. Other tests in the PDU gave similar re- 
sults; for example, at 1370OF and about 90 minutes residence time, the 
sulfur contents of the char products were 0.67 and 0.66 percent at 
pressures of 120 and 150 psia, respectively. 
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T h e  i n a b i l i t y  t o  demonst ra te  a p r e s s u r e  e f f e c t  i n  t h e  con- 
t i n u o u s  r e a c t o r  o f  t h e  PDU r e s u l t s  from t h e  in te rdependence  o f  v a r i -  
a b l e s  i n  t h e  system. For example, i n t e n t i o n a l l y  changing t h e  p r e s s u r e  
r e s u l t s  i n  a u t o m a t i c a l l y  changing t h e  mole f r a c t i o n  of hydrogen i n  t h e  
g a s ,  which changes t h e  hydrogen- to-su l fur  r a t i o  i n  t h e  f l u i d  bed. I n  
a d d i t i o n ,  a g r e a t e r  volume of  lower-pressure  ( lower  d e n s i t y )  g a s  must 
be r e c i r c u l a t e d  through t h e  bed to  m a i n t a i n  t h e  same d e g r e e  o f  f l u i d -  
i z a t i o n ,  and lower-pressure  g a s  must be h o t t e r  t o  e f f e c t  t h e  d e s i r e d  
h e a t  t r a n s f e r  t o  main ta in  bed tempera ture .  Because o f  t h i s ,  c h a r  
p a r t i c l e s  near  t h e  bottom of t h e  bed a r e  c o n t a c t i n g  h o t t e r  gas and 
are  momentarily h e a t e d  t o  tempera tures  g r e a t e r  t h a n  t h e  average  bed 
tempera ture .  These competing f o r c e s  combine t o  mask t h e  p r e s s u r e  
e f f e c t  i n  t h e  cont inuous  r e a c t o r .  However, t h e  e f f e c t  o f  i n c r e a s e d  
p r e s s u r e  i s  known t o  be  b e n e f i c i a l  i n  d e c r e a s i n g  t h e  s u l f u r  c o n t e n t  o f  
t h e  product  c h a r .  T h i s  h a s  been demonst ra ted  by numerous i n v e s t i g a -  
t i o n s  and by o u r  bench-scale  tests i n  b a t c h  reactors ( 3 1 ,  which w e r e  
s u i t e d  f o r  s t u d y i n g  t h e  p r e s s u r e  e f f e c t  s e p a r a t e l y  from t h e  o t h e r  
v a r i a b l e s .  

An impor tan t  dependent  v a r i a b l e ,  f o r  which a c o n t i n u o u s  re- 
actor i s  b e s t  s u i t e d ,  i s  average  s u l f u r  c o n t e n t  of t h e  bed. 
b a t c h  u n i t ,  t h e  s u l f u r  c o n t e n t  of t h e  bed d e c l i n e s  throughout  t h e  re- 
a c t i o n  t i m e ,  b u t  i n  a cont inuous  u n i t ,  t h e  a v e r a g e  s u l f u r  c o n t e n t  o f  
t h e  f l u i d  bed remains e s s e n t i a l l y  c o n s t a n t ,  because of  t h e  c o n t i n u o u s  
a d d i t i o n  o f  s u l f u r  w i t h  t h e  f e e d ,  and i s  dependent  upon t h e  s u l f u r  
c o n f e n t  of t h e  f e e d  and upon t h e  f e e d  r a t e .  T h i s  f a c t o r  c o n t r i b u t e s  
s i g n i f i c a n t l y  t o  t h e  observed b e n e f i t  of  v e r y  l o n g  r e s i d e n c e  t i m e s ,  
which were achieved i n  t h e  PDU by g r e a t l y  reduced feed  ra tes .  The 
consequent  r e d u c t i o n  i n  ra te  o f  s u l f u r  a d d i t i o n  t o  t h e  bed r e s u l t e d  
merely i n  a lower average  s u l f u r  c o n t e n t  i n  t h e  bed. From t h e s e  con- 
s i d e r a t i o n s ,  it may be concluded t h a t  t h e  i m p o r t a n t  v a r i a b l e s  i n  de- 
s u l f u r i z a t i o n  of  c h a r  i n  t h e  PDU are tempera ture  and a v e r a g e  s u l f u r  
c o n t e n t  of  t h e  bed ,  provided t h e r e  i s  a s i g n i f i c a n t  c o n c e n t r a t i o n  of 
hydrogen i n  t h e  f l u i d i z i n g  gas .  

In  a 

Composition of t h e  f l u i d i z i n g  g a s  w a s  n o t  a c o n t r o l l a b l e  v a r i -  
a b l e ,  e x c e p t  f o r  H2S c o n c e n t r a t i o n ,  because process-der ived  g a s  w a s  
r e c y c l e d  i n  t h e  system. The g a s  was composed almost e n t i r e l y  o f  
methane, hydrogen, and carbon monoxide. Carbon d i o x i d e  was p r e s e n t  
o n l y  i n  t e n t h s  o f  a p e r c e n t  because of c a u s t i c  s c r u b b i n g  t o  c o n t r o l  
H2S c o n c e n t r a t i o n .  A t  165-psia  p r e s s u r e ,  hydrogen c o n c e n t r a t i o n  i n  
mole p e r c e n t  v a r i e d  from t h e  l o w  2 0 ' s  a t  1250OF t o  t h e  low 4 0 ' s  a t  
1400OF; methane c o n c e n t r a t i o n  ranged from t h e  low 70's t o  t h e  mid 
5 0 ' s ;  carbon monoxide c o n c e n t r a t i o n  w a s  n e a r l y  independent  o f  r e a c t i o n  
tempera ture  b u t  v a r i e d  from a h igh  of  a b o u t  6 p e r c e n t  a t  t h e  s h o r t e r  
r e s i d e n c e  t i m e s  t o  a b o u t  2 p e r c e n t  a t  t h e  l o n g e r  t i m e s .  Hydrogen con- 
c e n t r a t i o n  w a s  a lso s e n s i t i v e  t o  r e s i d e n c e  t i m e ,  and i n c r e a s e d  3 t o  
5 percentage  p o i n t s  between t h e  s h o r t e s t  and l o n g e s t  t i m e s .  

T h e  e f f e c t  of s e v e r a l  H2S c o n c e n t r a t i o n s  i n  t h e  r e c y c l e  g a s  
w a s  s t u d i e d  i n  tests conducted a t  1400°F, Table  I .  The tes ts  w e r e  
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run primarily to generate data relevant to the design of larger fluid- 
bed reactors, in which bed height would be significantly greater than 
the 30-inch bed height in the existing PDU. Concentration of H2S in- 
creases in the fluidizing gas as it passes up through the bed, and at 
bed depths envisioned for reactors designed for 100 tons or more of 
feed per day, average H2S concentration within the fluid bed might 
easily reach 1000 ppm. 

Table I 

Effect of H2S Concentration in Fluidizing Gas on 
Char Sulfur Content 

(1400°F, 165 psia, 190 minutes residence time) 

HzS Concentration, ppm - Char Product, wt 0 S 

50-100 0 . 2 1  

500 0 -71 

1000 0.69 

The data in Table I show a significant deterioration in char 
sulfur content from 0 . 2  percent to 0.7 percent, when the H2S level in 
the gas entering the fluid bed was increased from the normal 50 to 
100 ppm to the 500-ppm level. Interestingly, increasing the H2S 
level to 1000 ppm did not have any perceptible additional effect. 
However, design for larger scale fluid-bed carbonizers will have to 
provide for minimizing the average H2S concentration within the fluid- 
bed region. 

To provide an indication of the reproducibility of data points, 
Table I1 presents analyses of the consecutive receivers of char pro- 
duced during 10-day runs at 1400°F, 165 psia, and residence times of 
46 and 190 minutes. The total quantities of feed for the tests were 
2170 and 875 pounds, respectively. The data show excellent reproduc- 
ibility, considering that observed variations in the products are the 
cumulative effects of variations in the semichar feed and process con- 
ditions, plus the repeatability of sampling and analysis. 

Of interest a l s o  are the incremental changes in concentration 
of the various forms of sulfur originally present in the raw coal. 
These changes are illustrated by the analytical results in Table I11 
for the feed and products involved in the CLEAN COKE Process. Forms 
of sulfur are shown simply as organic and inorganic, because the in- 
organic sulfur was nearly all pyritic and contained at most 0.05 per- 
cent sulfate sulfur. Coals from several mines in central Illinois 
were evaluated and all samples were quite similar. However, only 
coal from No. 24 mine of the Old Ben Coal Mining Company was processed 

40 



~ in the carbonization PDU, and the data in Table I11 were obtained with 
this coal. 

Tahle I1 

Uniformity of Product Char From Carbonization PDU 
(1400°F, 165 psial 

Receiver 

1 
2 

3 

4 

5 

6 

7 
8 

Average 

Char Sulfur Content, wt 8 
46 min 190 min 

0.69 
0.70  

0.68 
0.61 

0.68 
0.66 

0.68 

0.71 

0.68 

- 

0.26 

0.21 

0.18 
0.18 

0.18 
0.25 

0.21 

Table I11 

Incremental Change in Forms of Sulfur 

Processing Step 
Sulfur Forms, wt % 

Organic Inorganic 

As-mined coal 1.00 2.50* 

Cleaned and sized 1.13 1.00 
carbonization feed 

Semichar (First-stage 0.91 0.81 

Char (Second-stage 0.13 0.08 

product ) 

product, 1400°F) 

* Inorganic sulfur is pyritic sulfur plus about 
0.05% sulfate sulfur in the as-mined coal. 

Typically, the run-of-mine coal sample contained about 1 percent 
organic sulfur and 2 percent or so inorganic sulfur. Conventional 
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w e t  c l e a n i n g  of  t h i s  c o a l  by g r a v i t y  s e p a r a t i o n  and t a b l i n g  o p e r a t i o n s  
removed i n o r g a n i c  s u l f u r  s e l e c t i v e l y  and produced a c l e a n  c o a l  f e e d ,  
which c o n t a i n e d  a b o u t  1 p e r c e n t  i n o r g a n i c  and 1.1 p e r c e n t  o r g a n i c  s u l -  
f u r .  D e v o l a t i l i z a t i o n  and d e s u l f u r i z a t i o n  i n  f i r s t - s t a g e  c a r b o n i z a -  
t i o n  a t  820°F removed a b o u t  one t h i r d  of  t h e  s u l f u r  i n  each  form, and 
t h e  r a t i o  of o r g a n i c  t o  i n o r g a n i c  remained a b o u t  t h e  same i n  t h e  s e m i -  
c h a r  product  as i n  t h e  f e e d  c o a l .  (The coa l -dry ing  and p r e o x i d a t i o n  
t r e a t m e n t  d i d  n o t  a f f e c t  e i t h e r  t h e  amount o r  t h e  forms o f  s u l f u r . )  
F i n a l  d e v o l a t i l i z a t i o n  and d e s u l f u r i z a t i o n  in  second-stage carboniza-  
t i o n  a t  1400OF removed a b o u t  90 p e r c e n t  o f  e a c h  form of s u l f u r  i n  t h e  
s e m i c h a r  f e e d ,  and t h e  l o w e s t  s u l f u r  c h a r  made c o n t a i n e d  o n l y  s l i g h t l y  
more o r g a n i c  t h a n  i n o r g a n i c  s u l f u r .  

I t  is also of  i n t e r e s t  t h a t  bo th  forms o f  s u l f u r  c o n t r i b u t e d  
s u b s t a n t i a l l y  t o  the product ion  of H2S d u r i n g  c a r b o n i z a t i o n .  T h i s  
f a c t  is i l l u s t r a t e d  by t h e  d a t a  i n  Table  I V ,  which show t h e  q u a n t i t y  
o f  s u l f u x  i n  each form t h a t  was c o n v e r t e d  and t h e  q u a n t i t y  recovered  
as  H2S i n  t h e  c a u s t i c  sc rubbing  s o l u t i o n .  

T a b l e  I V  

Conversion o f  F o r m s  of S u l f u r  t o  H2S 

D i s t r i b u t i o n  of S u l f u r ,  pounds 

Organic  I n o r g a n i c  T o t a l  as  H2S 
Recovered 

C o a l  f e e d  2 6 . 6  3 1 . 7  58 .3  -- 

Converted s u l f u r  8.4 1 2 . 3  20.7 18.2 
( a t  820OF) 

Semichar f e e d  18.2 19.4 37 .6  -- 

Converted s u l f u r  1 2 . 8  1 2 . 2  2 5 . 0  23.8 
( a t  1400OF) 

Char product  5.4 7.2 12.6 -- 

The  p y r i t i c  s u l f u r  conver ted  c o n t r i b u t e d  a b o u t  two t h i r d s  of  t h e  H2S 
produced by f i r s t - s t a g e  c a r b o n i z a t i o n  a t  8 2 0 ° F ,  and t h e  i n o r g a n i c  s u l -  
f u r  remain ing  i n  t he  semichar  c o n t r i b u t e d  about  h a l f  of  the H2S pro-  
duced d u r i n g  second-s tage  c a r b o n i z a t i o n  a t  1400OF. Assuming t h a t  a l l  
t h e  r e a c t i n g  i n o r g a n i c  s u l f u r  is c o n v e r t e d  to  H2S, Table  IV d a t a  show 
t h a t  about  70 p e r c e n t  of  t h e  o r g a n i c  s u l f u r  r e a c t i n g  a t  820'F w a s  con- 
v e r t e d  to  H2S and a b o u t  95 p e r c e n t  was c o n v e r t e d  t o  H2S a t  1400'F. 
Thus, it is a p p a r e n t  t h a t  r e a c t i o n  c o n d i t i o n s  i n  both  s t a g e s  are ade- 
q u a t e  t o  c o n v e r t  b o t h  t y p e s  o f  s u l f u r  compounds t o  e a s i l y  r e c o v e r a b l e  
H2S. The remainder  o f  t h e  s u l f u r  l i b e r a t e d  from t h e  coal d u r i n g  

42 



pyrolysis is recovered as organic compounds in the liquid products, 
which contain 1.1 to 1.3 percent sulfur. 

Material Flow During Staged Carbonization 

Material flows and weight distribution through the two stages 
of carbonization of oxidized Illinois coal are shown in the simplified 
flow diagram of Figure 9. The products of first-stage carbonization 
of the coal are, in weight percent, semichar, 83.0; tar, 11.9; water, 
2.5; fuel gas, 1.1; and acid gases, 1.5. The products of second-stage 
carbonization of the semichar (at 1400OF and 77 minutes residence 
time) are, in weight percent of the coal, low-sulfur char, 62.9; tar, 
5.0; water, 2.0; process gas, 6.3; and acid gases, 6.8. The yield of 
C02 shown in Figure 9 is actual, but the high value results from the 
use of aqueous-caustic scrubbing to control H2S levels in the car- 
bonization PDU. Removal of C02 in the scrubber prevents this compo- 
nent from reaching a normal steady-state concentration in the recycle 
gas. 
such as the use of Benfield scrubbers,* C02 would not be continuously 
removed from the gas, and its concentration in and yield from the pro- 
cess gas are expected to be substantially less. 

In a larger system using conventional means for H2S recovery, 

,7 Conclusions 
./ 

The cardonization PDU of the CLEAN COKE Process has proved to 
be a valuable research tool in demonstrating, on a substantial scale, 
the efficient desulfurization of Illinois coal in a continuous, pres- 
surized, fluid-bed carbonizer. After conventional cleaning and sizing, 
coal was processed during sustained operation of up to 10 days through 
two separate stages of carbonization, which together removed more than 
90 percent of the coal sulfur and produced char containing as little 
as 0.2 percent sulfur. First-stage carbonization at a temperature of 
about 820°F served primarily to produce a nonagglomerating semichar 
feed for high-temperature carbonization, but the first-stage carboniza- 
tion removed about one third of the sulfur from the coal and produced 
about two thirds of the total tar. Second-stage carbonization removed 
up to 90 percent of the remaining sulfur and produced low-sulfur char, 
hydrogen-rich fuel gas, and tar. Both forms of sulfur, organic and 
inorganic, were shown to be removed with equal facility by the car- 
bonization process. 

In addition to the data on desulfurization and process yields 
and chemistry, the PDU has provided much useful engineering informa- 
tion, which was needed for the design of a 100-ton-per-day pilot plant. 
The pilot-plant process-design work is currently in progress, and con- 
tinued testing in the PDU will generate data needed for the design. 
Concurrently, studies are in progress on carbonization of high-sulfur 

* Use of trade names or company names is for identification only and 
does not imply endorsement by ERDA. 
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coals from other major seams of national interest. Coal from the 
Kentucky No. 9 seam is being processed at present, and this will be 
followed by testing of a Pittsburgh seam coal. 
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HYDRODESULFURIZATION O F  COALS 

Donald K. Fleming 
Robert D. Smith 
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Chicago, Illinois 60616 

Introduction 

The Institute of Gas Technology (IGT) i s  engaged in a program funded by the 
U. S. Environmental Protection Agency (EPA) to determine the operating para-  
meters  of the primary reactors  in a patented process  - the IGT Flash Desulfuriza- 
tion Process  - to desulfurize coal by a combination of chemical and thermal  means. 
The pr?cess  i s  directed at the production of solid fossil fuel that can b e  directly 
consumed in existing equipment in an environmentally satisfactory manner. 

Laboratory, bench-scale, and continuous PDU-sized equipment a r e  being 
utilized in the project. 
temperature, heat-up ra tes  and residence time in  a reducing atmosphere. After 
treatment, the material i s  chemically analyzed to determine the degree of sulfur 
removal. Results from tests  with four different, high-sulfur coals ( f rom abundant, 
Eastern seams) show good sulfur reduction; calculated sulfur-dioxide emissions of 
the treated material a r e  below the present Federal  EPA standards of 1. 2 lb/106 
Btu f o r  direct combustion of the solid fossil fuel product. 

The coal sample is  subjected to the selected conditions of 

Coals Tested 

Several coals were screened for sulfur content, seam location, and quantity 
available, 
sulfur content. 

Subbituminous coals and lignites were eliminated because of low initial 
Four bituminous coals were selected for testing: 

1) Western Kentucky No. 9, 3. 74% sulfur (run-of-mine) 

2) 

3) 

4) 

Pittsburgh seam (West Virginia mine), 2.77% sulfur (highly caking) 

Pittsburgh seam (Pennsylvania mine), 1. 35% sulfur (high ash content) 

Illinois No. 6 ,  2 . 4 3 %  sulfur (washed) 

The coals were selected without regard f o r  the relative pyritic and organic sulfur 
contents, because a universal coal desulfurization process should be capable of 
minimizing any sulfur type in  the coal. 

Pretreatment  

The coals selected a r e  a l l  of the caking type and require an oxidative pretreat-  
ment pr ior  to hydrodesulfurization. 
reactor to determine the proper pretreatment conditions for each coal. 
tu res ,  oxygen rates ,  fluidization velocities, and residence t imes were varied. 
These tes ts  indicated that a temperature of 750°F and a gas velocity of 1 f t / sec  
were necessary. 
coal; residence time and oxygen consumption were adjusted to yield a non-caking 
mater ia l  from each feedstock. 

Pretreatment  tes ts  were conducted in a batch 
Tempera- 

The degree of pretreatment required was not the same f o r  each 
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Approximately 25 to 30% of the coal sulfur is removed during pretreatment. 
This sulfur becomes pr imari ly  SO2 in the low-Btu pretreatment off-gas. 
mately 8 to 12% of the coal is consumed during pretreatment, generating steam for  
the r e s t  of the system and a low-Btu off-gas that can be consumed on-site to  pro- 
vide process steam or  t o  generate power. 

Approxi- 

pretreatment  not only prevents caking, but also improves the sulfur removal 
in  the subsequent hydrotreating step. 
with Western Kentucky No. 9 coal. 
screened coal and the other used crushed, screened, and pretreated coal as feed 
for  hydrodesulfurization. 
with untreated coal feed was increased to 95% by using a pretreated feed. 

Hydrode sulfuri zation Results 

Figure 1 represents two ser ies  of tes ts  made 
One tes t  ser ies  was made with crushed and 

The results show that the 70% sulfur removal achieved 

prel iminary desulfurization evaluation of each coal was made in a thermo- 
balance, a laboratory device that can continuously weigh a sample exposed to a 
controlled environment of temperature, pressure,  and contacting gas composition. 
A total of 122 thermobalance tes ts  have been performed in this program. 

Samples for thermobalance tests were prepared using +40 mesh pretreated 
coal. This feed i s  placed in the sample basket and then lowered into the heated 
zone. Heat-up ra tes  of 5O to 20°F per minute were used, to terminal temperatures 
of 1000° to 1500OF. Soaking t imes at the final temperature were varied from 0 
minutes to  5. 5 hours. The treated coal was analyzed for sulfur-by-types including 
pyritic, sulfide, sulfate, and organic. The small  sample s ize  did not permit more  
complete characterization. 

Figure 2 presents the sulfur removal attained in the thermobalance tests for 

F o r  all the cDals, the  pyritic sulfur has  been 97 to  100% decomposed at 1300' 
t a  1 500°F, and the organic sulfur has been reduced by 8 0  to 88% at 1500OF. 
total sulfur reduction i s  90 to 95% at 1500OF. 
combustion of the product, of a l l  tes ts  a t  1400°F or  above, would be below the 
present  Federal EPA New Source Performance Standards of 1. 2 lb/106 Btu 
f 3 r  combustion of solid fossil fuel. If sulfide and sulfate types of sulfur a r e  
removed mechanically, all tes t s  above 1 300°F produce acceptable products. 

the four coals. 

The 
The calculated SO2 emissions f o r  

In the tests described above, samples were heated slowly - 5O to 20°F per 
minute - to their terminal  temperature in  the thermobalance. 
with Western Kentucky No. 9 coal, employed rapid heat-up. Rapid heat-up is 
accomplished by heating the reaction zone to the desired temperature and then 
lowering the sample basket into the hot zone. Most of the total weight change 
occurs in  the f i r s t  few seconds that the sample is in the hot zone. 
the weight changes only slightly, regardless of the residence times. 
sulfur removed, however, increases  with residence time at rapid heat-up rate. 
Reduction of sulfur content by 95% has been achieved i n  2 hours residence time a t  
1500OF; however, samples subjected to  6 0  minutes or more met the EPA emission 
l imits  for  SO,. 

A se r ies  of runs, 

After 15 minutes, 
The total of 

A batch reactor  has been used with the Western Kentucky No. 9 and Illinois 
No. 6 coals to substantiate the results of the thermobalance and to extend testing to 
other  phases. This reactor  operates in a fluidized bed mode, s imilar  to the antici- 
pated operation of the full-scale plant. 
ra tes  o r  can be heated rapidly. 
samples, and the treated product is completely characterized analytically. A total 
of 128 batch reactor  tes t s  (including pretreatment evaluation) have now been made. 

It can be subjected to controlled heat-up 
The batch reactor is  capable of treating larger  
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Batch tests with conditions s imilar  to  the thermobalance experiments were 
Results were excellent at made at terminal temperatures of 1400' and 1500'F. 

these temperatures with the total of sulfur removed typically YO%, but a s  high as 
98. 6 %  at  150O0F; these results a r e  in  good agreement with the thermobalance 
tests. The treated mater ia l  would produce SO, emissions well below the limitation. 

Table 1 presents typical resul ts  f rom a batch reactor. For these tes t s ,  the 
product recovery i s  about 6 0 % ;  the remainder of the coal has  been gasified (and 
pretreated) into low-Btu gas that can be upgraded to pipeline quality or consumed 
on-site. The heating value of the treated product is about 5% less  than the feed- 
stock, primarily because of the lost  heat-content of the coal-sulfur and the in- 
creased ash content of the product. The Volatile Matter content of the treated 
product has been reduced significantly: modified combustion equipment m y  be 
required for  the consumption of the desulfurized coal. 
another IGT patent, the treated product can be recombined with the hydrocarbons 
produced during the treatment (after oil hydrodesulfurization) to improve the com- 
bustion characteristics. 

Alternatively, a s  in 

Work has now progressed to la rger  equipment. A 10-inch fluidized-bed unit 
can be fed continuously with variable feed rates f rom 25 to 200 lb/hr .  
used to  verify pretreatment operating conditions on a continuous basis. P r e -  
treated feedstock has been prepared on this unit for hydrodesulfurization runs 
which a r e ,  a t  the time of preparation of this paper, now planned. 

It has been 

This unit will be used to collect data for material and energy balances, 
s t ream characterizations, economics, and design specifications for  a la rger  
installation. 
the meeting. 

Conclusions 

We expect to have achieved positive results for  oral presentation at  

Laboratory- and bench-scale da ta  indicate that acceptable hydrodesulfuriza- 
tion of coals can be achieved with the IGT Flash Desulfurization Process .  P r e -  
treatment of the coal enhances the removal of sulfur to produce a solid fuel that 
can be burned in conformance with the present Federal  EPA limits of 1.  2 lb  SO2/ 
l o6  Btu. Work is progressing to prove the concept on larger ,  continuous, PDU- 
sized equipment. 
defined, so economic factors a r e  a t  present unknown. 
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DESULFURIZATION OF COAL I N  A FLUIDIZED BED REACTOR 
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INTRODUCTION 

The p ioneer ing  i n v e s t i g a t i o n  of  Jacobs and Mirkus (5) showed t h a t  s u b s t a n t i a l  
amounts of s u l f u r  could be  removed from I l l i n o i s  No. 6 c o a l  by t rea tment  wi th  mix- 
t u r e s  o f  a i r ,  n i t r o g e n  and steam i n  a f l u i d i z e d  bed r e a c t o r  a t  moderately e leva ted  
temperatures .  Thus by t r e a t i n g  c o a l ,  which had been ground i n  a hammer m i l l  (100% 
through 8 mesh s c r e e n ) ,  wi th  a gas mixture c o n t a i n i n g  2 .7% oxygen, 35% steam, and 
62.3% n i t r o g e n  a t  510'C f o r  30 min., the  s u l f a t e  and p y r i t i c  s u l f u r  conten t  of t h e  
s o l i d s  was reduced about  80% and t h e  organic  s u l f u r  c o n t e n t  10%. However, a t  the  
same time t h e  conten t  of combust ible  v o l a t i l e  matter was reduced about  65%. De- 
s u l f u r i z a t i o n  improved w i t h  i n c r e a s i n g  res idence  time and decreas ing  p a r t i c l e  s i z e ,  
but  i t  was a f f e c t e d  only  s l i g h t l y  by oxygen concent ra t ions  i n  the  range of  2 t o  10% 
o r  steam c o n c e n t r a t i o n s  i n  t h e  range of 0 t o  85%. The s u l f u r  c o n t e n t  of t h e  char  
dec l ined  as t h e  t r e a t m e n t  temperature  was r a i s e d  up t o  430°C b u t  h i g h e r  temperatures  
were n o t  b e n e f i c i a l  because d e s u l f u r i z a t i o n  was accompanied by increased  g a s i f i c a t i o n  
and reduced y i e l d  of  c h a r .  

' 

Even more encouraging r e s u l t s  were repor ted  by Sinha and Walker (7)  who were 
a b l e  t o  remove a l a r g e  percentage  of  t h e  p y r i t i c  s u l f u r  from most of t h e  samples 
i n  a series of powdered bituminous c o a l s  by t r e a t i n g  them i n  a combustion boat  wi th  
a i r  a t  450'C f o r  10 min. Moreover, t h e  low and medium v o l a t i l e  bi tuminous coa ls  
i n  t h e  s e r i e s  on ly  exper ienced  about  a 5% weight  l o s s  and t h e  h igh  v o l a t i l e  bitumi- 
nous c o a l s  a 10 t o  17% weight  l o s s .  However, t h e  r e s u l t s  of  a s i m i l a r  series of 
experiments by Block et. ( 2 )  were l e s s  promising because l e s s  p y r i t i c  s u l f u r  w a s  
removed and a g r e a t e r  weight  l o s s  w a s  incur red .  

Although the  s e l e c t i v e  o x i d a t i o n  of p y r i t i c  s u l f u r  appeared t o  p lay  an important 
r o l e  i n  the  foregoing  demonst ra t ions  of d e s u l f u r i z a t i o n ,  i t  may n o t  have been an 
exc lus ive  r o l e  because s u l f u r  could a l s o  have been removed through p y r o l y s i s  and 
r e a c t i o n  w i t h  hydrogen which w a s  r e l e a s e d  by t h e  p y r o l y t i c  decomposition of coa l .  
Numerous s t u d i e s  have shown t h a t  p a r t  of t h e  s u l f u r  i n  c o a l  i s  removed dur ing  
carboniza t ion  and t h a t  t h e  a d d i t i o n  of hydrogen o r  carboniza t ion  in'a s t ream of 
hydrogen assists t h e  removal of s u l f u r ,  p a r t i c u l a r l y  a t  h igher  tempera tures  ( 2 , 3 , 6 ,  
8).  Under such c o n d i t i o n s  s u l f u r  i s  removed p r i n c i p a l l y  a s  hydrogen s u l f i d e .  An 
i n v e s t i g a t i o n  of c o a l  h y d r o d e s u l f u r i z a t i o n  by a nonisothermal  k i n e t i c  method reveal-  
ed s e v e r a l  peaks i n  the  r a t e  of e v o l u t i o n  of  hydrogen s u l f i d e .  Yergey et. (9) 
a t t r i b u t e d  t h e  f i r s t  peak which occurred i n  t h e  range of 390 t o  470'C f o r  d i f f e r e n t  
c o a l s  t o  be due t o  t h e  r e a c t i o n  of hydrogen with two forms of organic  s u l f u r ,  the  
second peak a t  52OoC t o  t h e  r e a c t i o n  of hydrogen wi th  p y r i t e ,  t h e  t h i r d  peak a t  
620°C t o  t h e  r e a c t i o n  of hydrogen wi th  f e r r o u s  s u l f i d e  (produced by t h e  hydrodesul- 
f u r i z a t i o n  of p y r i t e ) ,  and t h e  f o u r t h  peak t o  t h e  r e a c t i o n  of hydrogen wi th  a t h i r d  
form of  organic  s u l f u r .  
by t h e  presence of hydrogen s u l f i d e  i n  t h e  gas  phase which s e v e r e l y  l i m i t s  t h e  con- 
c e n t r a t i o n  b u i l d  up of hydrogen s u l f i d e  ( 1 , 4 , 6 ) .  

The work repor ted  h e r e  was undertaken t o  determine t h e  f e a s i b i l i t y  of desulfur-  

Unfor tuna te ly  t h e  hydrodesul fur iza t ion  of  c o a l  i s  i n h i b i t e d  

i z i n g  a high s u l f u r  bi tuminous c o a l  from a n  Iowa mine by t rea tment  a t  moderately 
e l e v a t e d  tempera tures  i n  a f l u i d i z e d  bed r e a c t o r  w i t h  e i t h e r  o x i d i z i n g ,  n e u t r a l ,  o r  
reducing gases .  Nearly i so thermal  experiments  were c a r r i e d  o u t  wi th  a small f l u i d -  
ized  bed r e a c t o r  t o  de te rmine  t h e  e x t e n t  of  d e s u l f u r i z a t i o n  and c o a l  weight l o s s  
for  d i f f e r e n t  c o n d i t i o n s  of temperature  and gas  composi t ion.  Also t h e  t rea tments  
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were appl ied  t o  both run  of mine c o a l  and b e n e f i c i a t e d  c o a l .  In  a d d i t i o n  the  o f f -  
gas composition was measured dur ing  some experiments  to determine the  d i s t r i b u t i o n  
of var ious  s u l f u r  and o t h e r  compounds and t o  estimate t h e  h e a t i n g  va lue  of t h e  gas  
F i n a l l y  c o n s i d e r a t i o n  was given to  the  p o s s i b i l i t y  of d e s u l f u r i z i n g  t h e  of f -gas  
and us ing  i t  a s  a c l e a n  f u e l  t o  burn a long  with p a r t i a l l y  d e s u l f u r i z e d  c o a l  char  
i n  the  same p l a n t  i n  o r d e r  t o  meet a i r  p o l l u t i o n  c o n t r o l  r e g u l a t i o n s .  

EXPERIMENTAL INVESTIGATION 

Apparatus 

F igure  1 is a schematic  flow diagram of the  appara tus  used f o r  t h i s  i n v e s t i g a -  
t i o n .  Feed gases  were conducted through ro tameters ,  combined, and heated t o  t h e  
r e a c t i o n  temperature  by an e l e c t r i c  prehea ter .  
f l u i d i z e d  bed r e a c t o r  c o n t a i n i n g  t h e  c o a l  being t r e a t e d .  Af te r  pass ing  through t h e  
r e a c t o r ,  t h e  gas  was conducted t o  a g l a s s  cyclone s e p a r a t o r  which removed any f i n e  
p a r t i c l e s  of c o a l  e l u t r i a t e d  from t h e  bed. The gas  w a s  cooled next  t o  condense tar 
and mois ture ,  f i l t e r e d  wi th  g l a s s  wool, and bubbled through an a l k a l i n e  s o l u t i o n  of 
hydrogen peroxide t o  remove s u l f u r o u s  gases .  Samples of gas were analyzed p e r i o d i c a l -  
l y  wi th  a magnetic type ,  mass spec t rometer  (Model MS10, Associated E l e c t r i c a l  
I n d u s t r i e s  L t d . ) .  

The h o t  gas  then passed i n t o  a 

The r e a c t o r  w a s  c o n s t r u c t e d  from 2 i n .  I . D .  s t a i n l e s s  s t e e l  p ipe  and had an 
o v e r a l l  l e n g t h  of 18 i n .  It w a s  f i t t e d  wi th  a porous s i n t e r e d  s t a i n l e s s  s t e e l  
gas  d i s t r i b u t o r  having an e f f e c t i v e  pore s i z e  of 2Ou. I t  w a s  a l s o  equipped wi th  a 
thermowell and a device  f o r  i n j e c t i n g  c o a l  a t  a p o i n t  j u s t  above t h e  gas d i s t r i b u t o r .  
The r e a c t o r  was placed i n  an e l e c t r i c a l l y - h e a t e d ,  f l u i d i z e d  sand b a t h  f o r  tempera- 
t u r e  c o n t r o l .  

Procedure 

The r e a c t o r  w a s  charged with a weighed amount of -40+50 mesh s i l i c a  sand. 
r e a c t o r  was then brought  up t o  o p e r a t i n g  temperature  whi le  a i r  was used as t h e  
f l u i d i z i n g  medium. A s  t h e  system approached t h e  d e s i r e d  temperature ,  a i r  was re- 
placed wi th  t h e  a p p r o p r i a t e  t rea tment  gas .  When t h e  temperature  of t h e  system 
appeared t o  have reached a s teady  s ta te ,  powdered c o a l  (-20+40 mesh) w a s  i n j e c t e d  
i n t o  t h e  f l u i d i z e d  bed of sand. T h i s  was done by f i r s t  f i l l i n g  t h e  i n j e c t o r  tube  
wi th  a weighed amount of  c o a l .  
and then  t h e  quick opening b a l l  v a l v e  between t h e  tube  and t h e  r e a c t o r  w a s  opened 
a l lowing  the  c o a l  t o  be discharged i n t o  the  r e a c t o r .  This  marked t h e  beginning of 
a run.  During a run,  the  gas flow through the  r e a c t o r  and t h e  temperature  of  t h e  
f l u i d i z e d  sand ba th  surrounding t h e  r e a c t o r  were k e p t  c o n s t a n t .  During some runs ,  
samples of  t h e  off-gas  were c o l l e c t e d  i n  g l a s s  bu lbs  a t  d i s c r e t e  time i n t e r v a l s  and 
la ter  analyzed with t h e  mass spec t rometer .  A f t e r  a run was completed, t h e  r e a c t o r  
w a s  uncoupled and doused wi th  water  t o  c o o l  i t  t o  room temperature .  The c o n t e n t s  
of t h e  r e a c t o r  were weighed and screened  t o  s e p a r a t e  t h e  sand and c o a l  c h a r .  The 
proximate a n a l y s i s ,  h e a t i n g  v a l u e ,  and s u l f u r  d i s t r i b u t i o n  of t h e  c h a r  were sub- 
sequent ly  determined by t h e  ASTM method. It should be noted t h a t  t h i s  method of  
a n a l y s i s  d id  not  d i s t i n g u i s h  between s u l f u r  p r e s e n t  as f e r r o u s  s u l f i d e  (FeS) and 
organic  s u l f u r .  

M a t e r i a l s  

Jude Coal Co. s t r i p  mine i n  Mahaska County, Iowa, were t r e a t e d .  The samples were 
crushed and screened t o  provide material in t h e  -20+40 mesh s i z e  range.  A f t e r  
s i e v i n g ,  each sample w a s  s p l i t  i n t o  two f r a c t i o n s .  One f r a c t i o n  was u t i l i z e d  as 
is while  the o t h e r  f r a c t i o n  w a s  b e n e f i c i a t e d  by a f l o a t / s i n k  technique us ing  a 
l i q u i d  medium (a  mixture  of hexane and t e t r a c h l o r o e t h y l e n e )  having a s p e c i f i c  g r a v i t y  
of  1 .30.  Since t h i s  method o f  b e n e f i c i a t i o n  g r e a t l y  reduced t h e  a s h  c o n t e n t  a s  w e l l  

The 

The tube  was subsequent ly  p r e s s u r i z e d  wi th  n i t r o g e n  

Two run of mine (R.O.M.) samples of  high v o l a t i l e  C bituminous c o a l  from t h e  
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a s  the  p y r i t i c  s u l f u r  c o n t e n t  of  the  c o a l ,  t h e  b e n e f i c i a t e d  f r a c t i o n  is r e f e r r e d  t o  
a s  deashed c o a l .  The composi t ion and h e a t i n g  va lue  of the  two run of mine samples 
and corresponding deashed f r a c t i o n s  are shown i n  Table  1. 

Table 1. Composition o f  Jude mine c o a l  on a n  as rece ived  b a s i s .  

Sample I Sample I1 

Type of Analys is  R.O.M. Deashed R.O.M. Deashed 

Proximate, w t . %  

Moisture 
V o l a t i l e  mat te r  
Fixed carbon 
Ash 

S u l f u r ,  w t . %  

S u l f a t e  
P y r i t i c  
Organic 
Tota l  

Heat ing v a l u e ,  
Btu / lb .  

S p e c i f i c  s u l f u r  
conten t ,  l b .  S /106  Btu 

6.35 
41 .14  
38.68 
13 .83  

0.49 
2.40 
3.54 
6 ; 4 3  

10 ,980  

5.86 

2.24 
46 .03  
40 .84  

2.90 

0 .39  
0.60 
3.97 
4.96 

13 ,430  

3.69 

5.37 
40.61 
39.41 
14.61 

0.76 
2.87 
4 .43  
8.06 
- 

10 ,860  

7.42 

4.04 
45.60 
47.50 

2.86 

0.38 
0 .60  
5.37 
6 .35  
- 

12,990 

4 .89  

RESULTS AND DISCUSSION 

F i r s t  S e r i e s  of  Runs 

The f i r s t  series of runs  was c a r r i e d  o u t  t o  determine t h e  e f f e c t s  of f o u r  
d i f f e r e n t  t rea tment  gas  composi t ions and t h r e e  d i f f e r e n t  temperature l e v e l s  
( 2 4 0 ° ,  325",  and 40OOC) on t h e  d e s u l f u r i z a t i o n  of bo th  run of mine c o a l  and deashed 
c o a l .  The t rea tment  g a s e s  inc luded  (1) 100% N 2 ,  (2)  85% H2, 15% N 2 ,  ( 3 )  4% 02', 
96% N 2 .  and ( 4 )  10% 02, 90% N 2 .  Coal i d e n t i f i e d  as Sample I i n  Table 1 was used 
f o r  t h i s  series. For each  run ,  50 g. of c o a l  was i n j e c t e d  i n t o  400 g. of s i l i c a  
sand f l u i d i z e d  with t h e  a p p r o p r i a t e  t r e a t m e n t g a s a t  a s u p e r f i c i a l  v e l o c i t y  of 30 t o  
40 cm./sec. A s  soon a s  t h e  c o a l  was added,  t h e  temperature  of the  f l u i d i z e d  bed 
i n  the  r e a c t o r  dropped 15-5OoC. However, t h e  temperature  of t h e  bed recovered t o  
i t s  i n i t i a l  temperature  i n  5 t o  10 min. and then  remained cons tan t  f o r  t h e  remainder 
of a r u n  except  f o r  runs  made a t  t h e  h i g h e s t  temperature  and oxygen l e v e l s .  For 
t h e s e  runs ,  t h e  temperature  of  t h e  bed cont inued t o  rise throughout a run s o  t h e  
f i n a l  temperature  w a s  60-70°C higher  than  the i n i t i a l  temperature .  This i n c r e a s e  
i n  temperature  seemed due to  p a r t i a l  combustion of  t h e  c o a l  o r  i t s  decomposition 
products .  Each run l a s t e d  30 min. f o r  t h i s  series of runs  only  t h e  char  product  
w a s  recovered and ana lyzed;  t h e  of f -gas  w a s  n o t  sampled. 

The r e s u l t s  of runs  made wi th  Sample I ,  r u n  of mine c o a l  a r e  presented  i n  
Table  2 .  Since d u p l i c a t e  runs  were made a t  t h e  lowest  and h i g h e s t  temperature  
l e v e l s ,  each l i s t e d  v a l u e  r e p r e s e n t s  a n  average  f o r  two runs  a t  these temperature  
l e v e l s .  On t h e  o t h e r  hand,  each l i s t e d  v a l u e  f o r  t h e  in te rmedia te  temperature  
l e v e l  r e p r e s e n t s  t h e  r e s u l t  o f  a s i n g l e  run .  During each run  t h e  c o a l  experienced 
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some l o s s  i n  weight due t o  t h e  escape of  v o l a t i l e  m a t t e r .  
d i r e c t l y  wi th  temperature  but  w a s  no t  much d i f f e r e n t  f o r  d i f f e r e n t  t rea tment  gases  
except  f o r  the  c a s e  when a gas  conta in ing  10% oxygen was employed a t  t h e  h i g h e s t  
temperature  l e v e l  and over  60% of the  c o a l  w a s  consumed. With t h i s  one except ion  
t h e  weight l o s s  seemed due p r i m a r i l y  t o  p y r o l y s i s  r a t h e r  than t o  r e a c t i o n s  i n v o l v i n g  
any of t h e  t rea tment  gases ,  a l though t h e  v o l a t i l e  decomposition products  were 
obvious ly  n o t  t h e  same f o r  d i f f e r e n t  t rea tment  gases .  Thus some b l a c k  t a r  was con- 
densed from the  off-gas  when e i t h e r  n i t r o g e n  o r  hydrogen were employed, and only  a 
small amount of l i g h t  o i l  and water were condensed when e i t h e r  of t h e  oxygen b e a r i n g  
gases  were used. 

This  l o s s  increased  

The percentage of e i t h e r  p y r i t i c , o r g a n i c o r t o t a l  s u l f u r  removed from t h e  c o a l  
was determined a s  fol lows:  

x 100 Desulfurization (%) = S w t .  i n  feed  - S w t .  i n  product  
S w t .  i n  feed  

Only a smal l  percentage of t h e  p y r i t i c  s u l f u r  w a s  removed a t  any of t h e  tempera ture  
l e v e l s  when pure n i t r o g e n  was used as t h e  t rea tment  gas  (Table 2 ) .  However, when 
e i t h e r  hydrogen o r  oxygen b e a r i n g  gases  were used, a s i g n i f i c a n t  percentage  of  t h e  
p y r i t i c  s u l f u r  was removed a t  t h e  h i g h e s t  temperature  l e v e l  wi th  more s u l f u r  b e i n g  
e x t r a c t e d  by oxygen than  by hydrogen. 
s t r o n g l y  a f f e c t e d  by temperature  b u t  it w a s  a f f e c t e d  very  l i t t l e  by t h e  t rea tment  
gas  composition even though i t  may have appeared t h a t  more organic  s u l f u r  was re- 
moved a t  40OoC by e i t h e r  n i t r o g e n  a l o n e  o r  oxygen-nitrogen mixtures  than  by hydrogen. 
A q u a l i t a t i v e  chemical a n a l y s i s  showed t h a t  some of t h e  "organic"su1fur p r e s e n t  i n  
c h a r  produced dur ing  t h e  runs  wi th  hydrogen w a s  a c t u a l l y  a n  inorganic  s u l f i d e .  A 
s i m i l a r  a n a l y s i s  of t h e  char  produced d u r i n g  t h e  runs  wi th  oxygen i n  t h e  feed  gas  
d i d  n o t  r e v e a l  any s u l f i d e .  Furthermore so l i t t l e  p y r i t i c  s u l f u r  w a s  removed dur- 
i n g  t h e  runs  wi th  pure n i t r o g e n  t h a t  n o t  much s u l f i d e  could have been produced. 
Therefore  only  t h e  r e s u l t s  from t h e  hydrogen runs  a r e  suspec t  and t h e  organic  s u l f u r  
removed a t  400 'C  was probably g r e a t e r  than  i n d i c a t e d  because of  t h i s  problem wi th  
t h e  chemical a n a l y s i s .  
s t r o n g l y  on temperature  and very  l i t t l e  on t rea tment  gas  composi t ion,  i t  appears  
t h a t  such removal is due mainly t o  p y r o l y s i s  and r e l e a s e  of  v o l a t i l e  m a t t e r .  

The percentage of  organic  s u l f u r  removed w a s  

Consider ing t h a t  t h e  removal of organic  s u l f u r  depends 

The cumulat ive d i s t r i b u t i o n  of v a r i o u s  forms of  s u l f u r  remaining i n  e i t h e r  run 
of  mine o r  deashed c o a l  a f t e r  t rea tment  wi th  oxygen b e a r i n g  gases  i s  shown i n  F igure  
2 .  The v e r t i c a l  d i s t a n c e  s e p a r a t i n g  any g iven  p a i r  of curves  r e p r e s e n t s  t h e  per- 
cen tage  of the i n d i c a t e d  s p e c i e s  of s u l f u r  found i n  t h e  product  based on t h e  t o t a l  
s u l f u r  i n  the feed and i t  was determined by employing t h e  r e l a t i o n  

species (%) = w t .  of s p e c i e s  i n  product  
t o t a l  w t .  of S i n  feed  

The d i s t r i b u t i o n  a t  t h e  le f t -hand  s i d e  of each diagram corresponds t o  t h e  s u l f u r  
d i s t r i b u t i o n  of  t h e  feed m a t e r i a l .  A comparison of t h e  s u l f u r  d i s t r i b u t i o n  a t  
d i f f e r e n t  temperatures  wi th  t h e  i n i t i a l  d i s t r i b u t i o n  shows t h a t  f o r  every  t r e a t -  
ment gas  the  t o t a l  amount of s u l f u r  remaining i n  t h e  s o l i d s  decreased a s  t h e  
temperature  w a s  r a i s e d  wi th  t h e  g r e a t e s t  change g e n e r a l l y  tak ing  p l a c e  above 325 'C .  
In t h e  case  of e i t h e r  run of mine o r  deashed c o a l  t r e a t e d  wi th  oxygen, bo th  organic  
and inorganic  s u l f u r  were removed but  a t  h igher  temperatures  more inorganic  s u l f u r  
appeared t o  be removed than organic  r e l a t i v e  t o  t h e  amount of each s p e c i e s  p r e s e n t  
i n i t i a l l y .  

The s u l f u r  d i s t r i b u t i o n  diagrams a l s o  i n d i c a t e  t h e  i n t e r c o n v e r s i o n  of one form 
of  s u l f u r  i n t o  another .  Thus i t  appears  t h a t  t h e  s u l f a t e  form of s u l f u r  gained 
s l i g h t l y  a t  t h e  expense of o t h e r  forms of s u l f u r  when run of mine c o a l  was t r e a t e d  
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Table 2. R e s u l t s  of t h e  f i r s t  series of runs  wi th  run of  mine c o a l .  

S u l f u r  Removed, % 
T r t ,  Temp., W t .  LOSS, lb. Sa 
Gas O C  % P y r i t i c  Organic T o t a l  106 Btu 

100% N 2  235 11.6 
320 14.0 
400 31.6 

85% H2 235 11.8 
325 15.0 
4 00 33.6 

4% o2 235 11.7 
320 16.0 
410 30.7 

10% O 2  240 10.0 
330 18.5 
440 63.0 

9.2 10.7 7.4 6.3 
7.8 3.2 2.5 6.6 
7.4 49.1 29.1 6.4 

7.1 7.0 6.6 6.1 
7.7 12.3 10.1 6.0 

29.2 35.4 39.7 5.5 

'a. 2 12.2 6.7 6.4 
12.9 25.3 19.1 5.8 
41.2 46.4 45.7 4.9 

7.9 18.4 11.3 6.2 
8.6 22.7 11.3 7.3 

73.3 79.8 77.9 5.6 

aSpeci f ic  s u l f u r  c o n t e n t  of c h a r  product .  

wi th  a n  oxygen b e a r i n g  gas  a t  235'C. However, i t  d o e s n ' t  appear  t h a t  any of t h e  
t rea tments  produced a wholesa le  t ransformat ion  of one form of s u l f u r  i n t o  another .  
There c e r t a i n l y  was l i t t l e  i f  any evidence such as Cernic-Simic ( 3 )  had found 
i n d i c a t i n g  t h e  t ransformat ion  of  organic  s u l f u r  i n t o  inorganic  s u l f u r .  

As a r e s u l t  of v o l a t i l e  matter l o s s  andlor  c o a l  o x i d a t i o n  which accompanied 
d e s u l f u r i z a t i o n ,  t h e  s p e c i f i c  s u l f u r  c o n t e n t  (pounds of  s u l f u r  per  m i l l i o n  Btu) of 
t h e  coa l  w a s  n o t  reduced m a t e r i a l l y  by any of t h e  t rea tments .  In f a c t  for a major i ty  
of t h e  t r e a t m e n t s ,  t h e  s p e c i f i c  s u l f u r  c o n t e n t  of  t h e  t r e a t e d  run of  mine coa l  
(Table 2) was a c t u a l l y  s l i g h t l y  l a r g e r  than t h a t  of t h e  feed (5.86 l b .  S/106 Btu) .  
For run of mine c o a l  t h e  lowes t  s p e c i f i c  s u l f u r  c o n t e n t  (4.9 l b .  S/106 Btu) was 
obtained when i t  w a s  t r e a t e d  a t  410°C with  gas  c o n t a i n i n g  4% oxygen. 
c o a l  t h e  s p e c i f i c  s u l f u r  c o n t e n t  of t h e  product  w a s  s l i g h t l y  less than  t h a t  of the  
feed  (3.69 l b .  S/lO6 Btu) fo l lowing  a m a j o r i t y  of  t h e  t rea tments ,  and a t  t h e  h ighes t  
temperature  l e v e l  t h e  s p e c i f i c  s u l f u r  c o n t e n t  of  t h e  product  was almost  t h e  same 
r e g a r d l e s s  of t rea tment  gas .  

Second Series of Runs 

For deashed 

The second s e r i e s  of  runs  w a s  conducted t o  measure the  y i e l d  and composition 
of t h e  gaseous r e a c t i o n  product  as w e l l  as t h e  e x t e n t  of s u l f u r  removal from both 
run  of mine c o a l  and deashed c o a l .  The t rea tment  g a s e s  included pure n i t r o g e n  and 
two component mixtures  of  n i t r o g e n  and e i t h e r  hydrogen or oxygen. Coal i d e n t i f i e d  
as Sample I1 i n  T a b l e . 1  w a s  used f o r  t h i s  series. For each run  200 g. of coa l  was 
i n j e c t e d  i n t o  250 g .  of s i l i c a  sand f l u i d i z e d  wi th  t h e  a p p r o p r i a t e  t rea tment  gas  
a t  a s u p e r f i c i a l  v e l o c i t y  of  25 t o  50 cm./sec. As soon a s  t h e  c o a l  was added, the 
temperature  of t h e  f l u i d i z e d  bed i n  t h e  r e a c t o r  dropped 115-170°C. The temperature  
Of t h e  bed u s u a l l y  recovered  i n  10 t o  15 min. t o  somewhere near  i ts i n i t i a l  va lue  
and then remained c o n s t a n t  f o r  t h e  d u r a t i o n  of a run  except  f o r  t h e  runs  made with 
a n  oxygen b e a r i n g  gas  where t h e  temperature  cont inued t o  rise s lowly .  The runs  
l a s t e d  e i t h e r  60 o r  90 min. 
condensate  was determined,  and samples of  r e a c t o r  of f -gas  were drawn p e r i o d i c a l l y  
and analyzed w i t h  t h e  mass spec t rometer .  

For t h i s  series of runs  t h e  o v e r a l l  y i e l d  of l i q u i d  

The h e a t i n g  v a l u e  of t h e  f u e l  gas  por t ion  
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of t h e  off-gas  was es t imated  by summing t h e  heats o f  .combustion o f  t h e  i n d i v i d u a l  
components. However, f o r  runs employing hydrogen a s  t h e  t rea tment  gas ,  t h e  con- 
t r i b u t i o n  of  hydrogen t o  t h e  h e a t i n g  va lue  was excluded.  

The resul ts  o f  s e l e c t e d  runs  i n  t h i s  series of experiments  a r e  presented  i n  
Since t h e s e  runs were made a t  r e l a t i v e l y  h igh  temperatures  (370-4OO0C) Table 3 .  

and were of long d u r a t i o n ,  apprec iab le  amounts of v o l a t i l e  matter and s u l f u r  were 
removed from t h e  c o a l .  
t rea tment  gas ,  t h e  off-gas  contained small  b u t  s i g n i f i c a n t  amounts of  carbon mon- 
oxide  and methane, l e s s e r  amounts of hydrogen s u l f i d e ,  and t r a c e  amounts of e thane 
and propane. A s i g n i f i c a n t  amount of hydrogen was a l s o  found i n  t h e  off-gas  when 
pure  n i t rogen  w a s  fed t o  t h e  r e a c t o r .  For t h e  runs made with a n  oxygen bear ing  
t rea tment  gas ,  t h e  off-gas  contained s e v e r a l  percent  each of  oxygen, carbon d ioxide ,  
and carbon monoxide; s l i g h t l y  less hydrogen; a small  amount of methane; and t r a c e  
amounts of e thane and propane. I n  a d d i t i o n  t h e  off-gas  contained s m a l l  amounts of 
s u l f u r  d ioxide  and hydrogen s u l f i d e  wi th  t h e  former u s u a l l y  exceeding t h e  l a t te r .  
Traces  of carbonyl  s u l f i d e  were a l s o  observed i n  o x i d i z i n g  runs .  An o v e r a l l  material 
ba lance  made f o r  each of t h e  s e l e c t e d  runs accounted f o r  97.5-99.9% of a l l  t h e  
material e n t e r i n g  and l e a v i n g  t h e  system. 

When e i t h e r  n i t r o g e n  o r  hydrogen were employed as t h e  

Table  3 .  Resul t s  of s e l e c t e d  runs  i n  second s e r i e s .  

aTota l  S 
removed, 

% 

Run Coal T r t .  Temp., Gas v e l .  Time, W t .  l o s s ,  
No. type gas  "C cm./sec. min . % 

MSN-1 R.O.M. 100% N2 375 44 60 32.8 39 .1  
MSN-4 Deashed 100% N2 395 26 60 23.5 41.8 
MSH-1 R.O.M. 87% H2 395 48  60 29.8 44 .1  
MSH-3 Deashed 84% H 2  400  32 90 22.4 32.3 

MSO-8 Deashed 10% 02 370 26 90 30 .1  41.7 
MSO-7 R.O.M. 10% 02 375 34 90 37.4 48.7 

S p e c i f i c  s u l f u r  
c o n t e n t ,  l b .  S / 1 D 6  Btu ' N e t  f u e l  gas 

Run bLiq. y i e l d ,  Y i e l d ,  Heat. va lue ,  
No. l b . / l b .  c o a l  SCF/lb. c o a l  Btu/SCF Feed Char Char h Gas 

MSN-1 0 .14  2.04 522  7 .4  6.8 6 . 1  
MSN-4 0 .14  1 .49  524 4 . 9  3.5 3 . 3  
MSH-1  0.17 0.97 7 8 0  7 . 4  5.9 5 .5  
MSH-3 0.15 0 .96  912 4.9 4 . 1  3 .8  
MSO-7 0.10 13 .03  432  7.4 6.9 4 . 5  
MSO-8 0.12 7 . 2 9  379 4 .9  4.2 3.6 

aDetermined by Equation 1 

bCondensed t a r  and water  

CVolume of H p ,  C O ,  CH4, C2H6 and C3Hg i n  off-gas  a t  s tandard  c o n d i t i o n s  (OOC and 
1 atm.)  except  Runs M S H - 1  and MSH-3 where H2 is excluded.  

During each run,  t h e  t o t a l  q u a n t i t y  of s u l f u r  i n  t h e  of f -gas  w a s  also d e t e r -  
mined by absorp t ion  and o x i d a t i o n  of t h e  var ious  s u l f u r o u s  gases  i n  an a l k a l i n e  
s o l u t i o n  oE hydrogen peroxide,  and t h i s  q u a n t i t y  agreed reasonably w e l l  wi th  the  
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gas a n a l y s i s  made wi th  t h e  mass spec t rometer .  However, t h e  q u a n t i t y  of s u l f u r  
appearing a s  noncondensible  gaseous s p e c i e s  was only  40-80% of t h e  s u l f u r  l o s t  b y  
the c o a l .  
p a r t  of  t h e  s u l f u r  e x t r a c t e d  from t h e  c o a l .  

Hence, t h e  condensed c a r  and water  must have contained a n  a p p r e c i a b l e  

For t h e  runs  made wi th  hydrogen o r  n i t r o g e n ,  t h e  h e a t i n g  v a l u e  of t h e  coal- 
der ived  combust iable  components in t h e  of f -gas  was e q u i v a l e n t  t o  6-11% of the  h e a t -  
ing value of t h e  char ,  and f o r  t h e  runs  made wi th  a n  oxygen bear ing  gas ,  the  h e a t i n g  
va lue  of t h e s e  components w a s  equiva len t  t o  14-36% of  t h e  h e a t i n g  va lue  of the  
corresponding char .  
der ived  gas  w a s  s i g n i f i c a n t l y  l a r g e r  than  t h a t  of t h e  char  a lone .  c 

Consequently the  combined h e a t i n g  va lue  of t h e  char  and c o a l -  

The s p e c i f i c  s u l f u r  conten t  of bo th  t h e  product  c h a r  and t h e  char  and f u e l  gas  
combined w a s  es t imated  (Table 3 ) .  For t h i s  purpose i t  was assumed t h a t  t h e  off-gas  
could be completely d e s u l f u r i z e d .  The s p e c i f i c  s u l f u r  conten t  of t h e  c h a r  produced 
dur ing  each of t h e  s e l e c t e d  runs  w a s  s i g n i f i c a t l y  less than  t h a t  of  t h e  feed .  
Furthermore by lumping t h e  c h a r  and d e s u l f u r i z e d  off-gas  t o g e t h e r ,  the s p e c i f i c  
s u l f u r  conten t  of  t h e  combined products  would be even lower.  Thus f o r  t h e  condi t ions  
of Run MSO-7 the  s p e c i f i c  s u l f u r  conten t  of t h e  char  w a s  7% less than t h a t  of the 
run of mine coa l  and t h e  s p e c i f i c  s u l f u r  conten t  of t h e  c h a r  and d e s u l f u r i z e d  g a s  
toge ther  would be 39% less.  The r e s u l t s  of Run MSN-4 i n d i c a t e  t h e  p o s s i b i l i t y  f o r  
a 56% o v e r a l l  r e d u c t i o n  i n  t h e  s p e c i f i c  s u l f u r  conten t  of t h e  f u e l  by f i r s t  benef i -  
c i a t i n g  it and then apply ing  a mild p y r o l y s i s  t rea tment  a s  i n  t h i s  run.  

Rates  of Formation of  H7S and SO2 

s e r i e s  of runs  were es t imated  by ana lyz ing  t h e  time-varying composition of the  
r e a c t o r  off-gas  as determined by the  mass spec t rometer .  The r a t e  of formation o f  
hydrogen s u l f i d e  a s  a f u n c t i o n  of  t h e  conversion of c o a l  s u l f u r  i n t o  hydrogen 
s u l f i d e  and s u l f u r  d i o x i d e  is shown f o r  s e v e r a l  runs  made wi th  n i t r o g e n  in Figure  3 
and f o r  s e v e r a l  r u n s  made w i t h  hydrogen i n  F igure  4. Hydrogen s u l f i d e  w a s  the  
p r i n c i p a l  noncondensible  s u l f u r  compound i n  t h e  off-gas  dur ing  t h e s e  runs .  
both t rea tment  gases ,  t h e  rate of formation of  hydrogen s u l f i d e  increased  f i r s t ,  
subsequent ly  peaked, and then  decreased monotonical ly  wi th  i n c r e a s i n g  convers ion .  
The i n i t i a l  i n c r e a s e  i n  t h e  r a t e  w a s  probably due t o  t h e  rise i n  temperature  of 
t h e  c o a l  a f t e r  i t  w a s  f i r s t  placed i n  t h e  r e a c t o r ,  and t h e  l a t e r  decrease  i n  t h e  
r a t e  t o  t h e  d iminish ing  c o n c e n t r a t i o n  of s u l f u r  i n  t h e  c o a l .  A f t e r  i t  peaked, t h e  
r a t e  f o r  deashed c o a l  appeared t o  be  e s s e n t i a l l y  a l i n e a r  f u n c t i o n  of t h e  conversion 
which corresponds t o  a f i r s t  o r d e r  process .  Since t h e  s u l f u r  i n  deashed c o a l  w a s  
p r e s e n t  mainly as o r g a n i c  s u l f u r ,  t h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  convers ion  of 
organic  s u l f u r  t o  hydrogen s u l f i d e  i s  an apparent  f i r s t  o r d e r  r e a c t i o n  wi th  r e s p e c t  
t o  t h e  s u l f u r  s p e c i e s  i n  c o a l  which is i n  agreement wi th  Yergey et. ( 9 ) .  On the  
o t h e r  hand, the  convers ion  of s u l f u r  i n  run of  mine c o a l  t o  hydrogen s u l f i d e  does 
not  appear t o  be a f i r s t  o r d e r  process  s i n c e  t h e  curves  f o r  t h i s  m a t e r i a l  i n  
F igures  3 and 4 a r e  n o n l i n e a r .  
of bo th  p y r i t i c  and organic  s u l f u r ,  the  nonl inear  behavior  could have been due t o  
t h e  s u p e r p o s i t i o n  of  r e a c t i o n s  involv ing  t h e  two s u l f u r  s p e c i e s .  
curves  represent ing  t h e  r a t e  of  format ion  of hydrogen s u l f i d e  were similar f o r  bo th  
hydrogen and n i t r o g e n , i t  i s  apparent  t h a t  f o r  t h e  same temperature  and type  of  coa l ,  
the  r a t e  was l a r g e r  when hydrogen w a s  used.  This  is only  n a t u r a l  s i n c e  t h e  r a t e  
should depend on t h e  hydrogen c o n c e n t r a t i o n ,  and when pure  n i t r o g e n  was f e d ,  any 
hydrogen had t o  come from t h e  decomposition of  t h e  c o a l  i t s e l f .  

The rates of  format ion  of hydrogen s u l f i d e  and s u l f u r  d ioxide  dur ing  t h e  second 

For 

because t h e  r u n  of mine c o a l  contained l a r g e  amounts 

Although t h e  

When a n  oxygen b e a r i n g  gas  was used f o r  t r e a t i n g  c o a l ,  s u l f u r  d ioxide  w a s  
u s u a l l y  the  major noncondensible  s u l f u r  compound i n  t h e  off-gas  b u t  s i g n i f i c a n t  
amounts of hydrogen s u l f i d e  were a l s o  p r e s e n t .  The r a t e  of  formation of  s u l f u r  
d ioxide  dur ing  s e v e r a l  runs  made wi th  an o x i d i z i n g  gas  i s  shown i n  F igure  5. 
each run two d i s t i n c t  peaks i n  t h e  s u l f u r  d ioxide  format ion  rate were observed.  
The f i r s t  peak might have been due t o  d e v o l a t i l i z a t i o n  and o x i d a t i o n  of v o l a t i l e  
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s u l f u r  compounds inc luding  hydrogen s u l f i d e .  Af te r  t h e  i n i t i a l  degass ing  
of c o a l  had subs ided ,  oxygen could p e n e t r a t e  the  c o a l  more r e a d i l y  and react wi th  
embedded p y r i t e s  l e a d i n g  to  t h e  second peak. Then as t h e  oxida t ion  r a t e  of  
p y r i t e s  became l i m i t e d  by t h e  d i f f u s i o n  of oxygen through an i n c r e a s i n g  l a y e r  .of 
r e a c t i o n  products  such a s  i r o n  oxide,  t h e  r a t e  subs ided .  The d i f f e r e n c e  i n  t h e  
behavior  of t h e  two types  of  c o a l  f u r t h e r  suppor ts  t h i s  theory .  Thus f o r  deashed 
c o a l  wi th  a r e l a t i v e l y  small  p y r i t e  c o n t e n t ,  the  second peak was much s m a l l e r  than 
f o r  r u n  of  mine c o a l .  

ANALYSIS AND CONCLUSIONS 

The r e s u l t s  of t h i s  s tudy  confirmed t h a t  i t  i s  p o s s i b l e  t o  remove s u b s t a n t i a l  
amounts of s u l f u r  from pulver ized  bi tuminous c o a l  i n  a f l u i d i z e d  bed r e a c t o r  
opera ted  a t  e leva ted  temperatures .  However, f o r  t h e  type of c o a l  used i n  t h i s  s tudy  
t h e  removal of s u l f u r  is  accompanied by a s u b s t a n d t i a l  l o s s  of v o l a t i l e  matter. 
Both t h e  degree of d e s u l f u r i z a t i o n  and e x t e n t  of d e v o l a t i l i z a t i o n  are s t r o n g l y  
inf luenced  by temperature .  The composi t ion of t h e  f l u i d i z i n g  gas  appears  t o  have 
more e f f e c t  on t h e  removal of  p y r i t i c  s u l f u r  than on t h e  removal of organic  s u l f u r  
and v o l a t i l e  mat te r  i n  t h e  240-4OO0C range of temperature .  Thus a n  oxygen bear ing  
gas  appears  more e f f e c t i v e  f o r  removing p y r i t i c  s u l f u r  than a hydrogen bear ing  
gas  and n i t r o g e n  i s  completely i n e f f e c t i v e .  On t h e  o t h e r  hand, the  removal of 
organic  s u l f u r  appears  due mainly t o  p y r o l y s i s  and d e v o l a t i l i z a t i o n  and i s  not  a 
s t r o n g  func t ion  of t h e  t rea tment  gas  composi t ion.  Since a s i g n i f i c a n t  p a r t  of  the  
c o a l  i s  v o l a t i l i z e d ,  the  recovery and u t i l i z a t i o n  of  t h e  v o l a t i l e  products  i s  
important .  

Although a number of i n d u s t r i a l  p rocess  a l t e r n a t i v e s  based on t h e  f l u i d i z e d  
bed method of  d e s u l f u r i z a t i o n  a r e  conce ivable ,  only two w i l l  be cons idered  h e r e .  
One a l t e r n a t i v e  involves  t r e a t i n g  pulver ized  c o a l  i n  a cont inuous f low system wi th  
a i r  o r  a i r  d i l u t e d  w i t h  recyc led  off-gas  t o  remove p y r i t i c  s u l f u r  and o r g a n i c  
s u l f u r .  This  approach is i n d i c a t e d  f o r  c o a l s  conta in ing  f i n e l y  disseminated 
p y r i t e s  which can n o t  be removed by p h y s i c a l  s e p a r a t i o n .  I t  is conceivable  t h a t  
s u f f i c i e n t  h e a t  would be generated through o x i d a t i o n  t o  s u s t a i n  t h e  process .  How- 
e v e r ,  t h e  off-gas  would be d i l u t e d  wi th  n i t r o g e n  and have a low h e a t i n g  v a l u e .  
Also t h e  s u l f u r  d ioxide  p r e s e n t  i n  low c o n c e n t r a t i o n  would be  d i f f i c u l t  t o  e x t r a c t .  
On t h e  o t h e r  hand, t h e  l i g h t  o i l  i n  t h e  off-gas  would be r e l a t i v e l y  easy t o  remove 
and t h e r e  would be no tar t o  contend wi th .  A second a l t e r n a t i v e  inv~olves  t r e a t i n g  
c o a l  i n  a flow system wi th  recyc led  off-gas  which has  been d e s u l f u r i z e d  and heated.  
This  approach is i n d i c a t e d  f o r  c o a l s  wi th  important  amounts of organic  s u l f u r  b u t  
l i t t l e  p y r i t i c  s u l f u r .  The of f -gas  would be r i c h  i n  hydrogen and methane and have 
a r e l a t i v e l y  high h e a t i n g  v a l u e .  Hydrogen s u l f i d e  p r e s e n t  i n  t h e  gas  would be 
r e l a t i v e l y  easy t o  remove, b u t  t h e  tar a l s o  p r e s e n t  would c r e a t e  more of a problem 
than t h e  l i g h t  o i l  produced under oxid iz ing  c o n d i t i o n s .  In t h e  c a s e  of e i t h e r  
a l f t e r n a t i v e ,  t h e  c l e a n  f u e l  gas would be u t i l i z e d  toge ther  wi th  t h e  char  product .  

While t h e  methods a p p l i e d  i n  t h i s  s tudy  d i d  n o t  reduce t h e  s u l f u r  c o n t e n t  of  
t h e  s e l e c t e d  coa l  t o  t h e  p o i n t  where t h e  product  would meet p r e s e n t  a i r  p o l l u t i o n  
c o n t r o l  s tandards ,  f u r t h e r  improvement i n  methodology is poss ib le .  From t h e  
publ ished r e s u l t s  of t h e r  workers ( 5 , 7 ) ,  i t  is l i k e l y  t h a t  e i t h e r  reducing  the  
p a r t i c l e  s i ze  o r  i n c r e a s i n g  t h e  temperature  would be b e n e f i c i a l ,  a l though increas-  
i n g  t h e  temperature  would remove more v o l a t i l e  matter a s  w e l l  as more s u l f u r .  
c o a l s  which i n i t i a l l y  c o n t a i n  l e s s  s u l f u r  o r  a r e  of  a h igher  rank than t h e  one 
s e l e c t e d  could p o s s i b l y  b e n e f i t  more from t h i s  type of  t rea tment .  

Also 
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CHEMICAL COMMINUTION: A PROCESS 
FOR LIBERATING THE MINERAL MATTER 

FROM COAL 

P h i l i p  H. Howard and Rabinder S.  Datta 

Syracuse Research Corporat ion 
Syracuse,  New York 13210 

In t roduct ion  

Convent ional  c o a l  p r e p a r a t i o n  c o n s i s t s  of mechanical s i z e  reduct ion ,  which 
results i n  l i b e r a t i o n  of t h e  p y r i t i c  s u l f u r  and o t h e r  minera l  mat te r ,  followed 
by a s e p a r a t i o n  s t e p ,  t h e  c o s t  of which i s  dependent upon t h e  s i z e  c o n s i s t  of 
t h e  crushed c o a l .  In g e n e r a l ,  a s  t h e  c o a l  s i z e  c o n s i s t  decreases ,  t h e  amount 
of l i b e r a t i o n  of minera l  matter and t h e  c o s t  of s e p a r a t i o n  i n c r e a s e .  Phys ica l  
coa l  c l e a n i n g  processes  are n o t  a b l e  t o  l i b e r a t e  organic  s u l f u r  and, t h e r e f o r e ,  
t h e  organic  s u l f u r  c o n c e n t r a t i o n  p l a c e s  an upper l i m i t  on t h e  amount of s u l f u r  
t h a t  can be removed. 

Chemical comminution provides  a unique way of c rush ing  c o a l  f o r  mineral  
mat te r  l i b e r a t i o n .  I n s t e a d  of  mechanical s i z e  reduct ion ,  t h e  c o a l  i s  t r e a t e d  
wi th  a chemical ( u s u a l l y  ammonia gas  o r  a concent ra ted  aqueous ammonia s o l u t i o n ) ,  
r e s u l t i n g  i n  s e l e c t i v e  breakage which appears  t o  occur  a long  t h e  bedding planes 
and along t h e  minera l  matter (e .g .  p y r i t e )  and maceral  boundaries .  Washabi l i ty  
comparisons of mechanical ly  crushed and chemical ly  comminuted c o a l  samples have 
i n d i c a t e d  t h a t ,  a t  a given s i z e  c o n s i s t ,  more l i b e r a t i o n  of p y r i t i c  s u l f u r  and 
comparable l i b e r a t i o n  of ash  i s  p o s s i b l e  wi th  chemical comminution. Figures  1, 
2 ,  and 3 provide  a t y p i c a l  comparison of mechanical and chemical breakage and 
l i b e r a t i o n .  The r e c o v e r i e s  noted i n  F igures  2 and 3 only apply t o  +lo0 mesh 
product  and,  t h e r e f o r e ,  t h e  -100 mesh weight  should be cons idered  when calcu- 
l a t i n g  r e c o v e r i e s  based upon feed.  I n  terms of  decreas ing  s i z e  c o n s i s t  (Figure l ) ,  
t h e  fol lowing o r d e r  is  found: 1 1/2" top s i z e  ROM > chemical ly  f r a c t u r e d  > 
3 / 8 " t o p  s i z e  mechanical ly  crushed > 14 mesh top  s i z e  mechanical ly  crushed.  
The same order  i s  found f o r  t h e  a s h  vs .  recovery curves  i n  F igure  2.  
trast, t h e  t o t a l  s u l f u r  v s .  recovery curves  (Figure 3) demonstrate  t h a t  chemical 
f r a c t u r e  (only 4.53% i s  '100 mesh) l i b e r a t e s  cons iderably  more p y r i t i c  s u l € u r  
than  mechanical c r u s h i n g  even t o  -14 mesh (21.9% is  < l o 0  mesh). S i m i l a r  r e s u l t s  
have been found wi th  Redstone, P i t t s b u r g h ,  and Upper Freepor t  seam c o a l s  (1,2) 
and with some Iowa c o a l s  ( 3 ) .  

I n  con- 

The f a c t  t h a t  chemical  comminution can  l i b e r a t e  more of t h e  p y r i t i c  s u l f u r  
without  gr inding  t o  s m a l l  s i z e s  has  cons iderable  economic b e n e f i t s .  
a t  t h i s  s t a g e  i n  t h e  development, i t  i s  d i f f i c u l t  to  estimate t h e  exac t  c o s t s  
of  a c o a l  p r e p a r a t i o n  f lowsheet  using chemical comminution as t h e  s i z e  reduc- 
t i o n  method, some pre l iminary  e s t i m a t e s  have been developed. The t o t a l  c a p i t a l  
and opera t ing  c o s t s  f o r  t h e  chemical t rea tment  a lone using ammonia vapor ,  under 
condi t ions  shown t o  b e  t e c h n i c a l l y  f e a s i b l e  i n  the  l a b o r a t o r y ,  vary from $1.00 

Although, 

62 



to $1.50 per ton of coal product. Using relatively inexpensive density separa- 
tion techniques, feasible because of the small amount of fines produced in the 
chemical fragmentation step, would bring the total cost for producing clean 
coal to between $2.50 - $3.00 per ton product. This is very competitive with 
other processes currently being considered for producing clean coal. It is 
envisaged that the chemically comminuted product after cleaning will contain 
BO-90% less pyritic sulfur and 50-60% less ash, and, in approximately 30-40% 
of the Northern Appalachian seam coals, will meet EPA new source emission 
standards. 

Because of the commercial significance of chemical comminution, the effect 
of different reaction conditions have been preliminarily studied to provide 
some insight into the mechanism of the phenomena. The available information 
is presented in the following sections and further information is being developed. 

Mineral Liberation 

Microscopic examination of chemically comminuted coal has been conducted 
by Greer ( 4 )  of Iowa State University using a scanning electron microscope. 
The results demonstrated that fragmentation due to chemical treatment was strongly 
controlled by maceral boundaries and other deposits within the material such 
as pyrite bands. 

The above result demonstrates the selective breakage that occurs with 
chemical comminution and explains why pyrite is liberated during chemical 
treatment without excessive size reduction. However, the difference between 
sulfur and ash liberation (Figure 2 and 3)  has not been determined. Further 
petrographic studies of this effect are anticipated. 

Effective Chemicals 

Although a number of chemicals have some comminution ability ( 5 ) ,  the chem- 
icals that appear to have the greatest effect are ammonia (gas and anhydrous 
and hydrous liquid) and methanol. These compounds fall in a class of chemicals 
containing a non-bonding pair of electrons (oxygen and nitrogen compounds) which 
has been shown t o  swell (6,7) and dissolve (7) coal at ambient temperatures. 
Although swelling studies have not heen conducted by us, it was determined that 
very little coal (<0.1%) was dissolved by either methanol or liquid anhydrous 
ammonia. 
coal by Bangham and Maggs (6) ,  may cause the fragmentation which occurs during 
chemical treatment. Other analogies between coal solvents and coal comminutants 
include: (1) a decrease in effect as the coal rank increases, and (2) a reduction 
in effect as the solvent is diluted with water. Other specific solvents mentioned 
as good coal solvents (7), such as 2-propylamine and pyridine, have been briefly 
examined. These chemicals do cause fragmentation but are not as effectively as 
ammonia. Since these chemicals are larger in molecular size, it is possible 
that molecular.size is an important parameter for chemical comminution, especially 
if penetration of the coal is a rate determining factor. 

The swelling effect, which has been observed with methanol 'treated 
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Effec t  of React ion Condit ions 

The f ragmenta t ion  caused by chemical t reatment  i s  a f f e c t e d  by such para- 
meters  as mois ture ,  p r e s s u r e ,  water  concent ra t ion  i n  t h e  chemical ,  s t a r t i n g  s i z e  
of the  c o a l ,  and precondi t ion ing  of t h e  c o a l  before  t rea tment .  These e f f e c t s ,  
us ing  I l l i n o i s  116 seam c o a l  as an example, are i l l u s t r a t e d  i n  F igures  4-7. 
I l l i n o i s  1/6 seam c o a l  is very s u s c e p t i b l e  t o  chemical  comminution and,  t h e r e f o r e ,  
t h e  r e s u l t s  with t h i s  c o a l  are not  n e c e s s a r i l y  r e p r e s e n t a t i v e  of o ther  c o a l s .  
F igure  4 demonstrates  t h e  importance of evacuat ing  t h e  r e a c t o r  b e f o r e  chemical 
t rea tment .  The c o n t r a s t  i n  t h e  e f f e c t  of evacuat ion between l i q u i d  and gaseous 
condi t ions  i s  q u i t e  apparent .  This e f f e c t  has  a l s o  been not iced  wi th  o t h e r  
c o a l s ,  a l though they have not  been a s  demonstrat ive.  For example, a l l  t h e  con- 
d i t i o n s  used i n  F i g u r e  4 would have no  e f f e c t  on a P i t t s b u r g h  seam c o a l  t h a t  
w a s  examined. 

Figure 5 i l l u s t r a t e s  t h e  e f f e c t  of p r e s s u r e  and water  conten t  and demon- 
s t r a t e s  t h a t  methanol is not  as e f f e c t i v e  a comminuting agent  as even a d i l u t e  
ammonia-water s o l u t i o n .  With gas  t rea tment ,  i t  appears  t h a t  a l i t t l e  moisture  
i n  the  c o a l  a i d s  f r a c t u r e .  A l so ,  when using gas ,  a change of p r e s s u r e  from 
90 p s i g  t o  120 p s i g  h a s  cons iderable  impact on t h e  amount of breakage.  Deter- 
minat ion of any t r e n d s  wi th  t h e  l i q u i d  systems i s  d i f f i c u l t  because t h e  p r e s s u r e  
was not  he ld  c o n s t a n t .  

A s  might be expec ted ,  t h e  i n i t i a l  s i z e  of t h e  c o a l  before  t rea tment  can 
e f f e c t  the  s i z e  of the t r e a t e d  product .  This  e f f e c t  is i l l u s t r a t e d  i n  F igure  6 .  

A s  noted previous ly  (Figure 4 ) ,  evacuat ion  before  t rea tment  appears  t o  have 
a cons iderable  e f f e c t ,  e s p e c i a l l y  wi th  gaseous t rea tment .  Evacuation a f t e r  
t reatment  a l s o  appears  t o  have an e f f e c t  (Figure 7 )  which may be  due t o  j u s t  
a d i f f e r e n c e  i n  r e a c t i o n  t i m e ,  s i n c e  r e a c t i o n  i n  t h e  evacuated sample should 
s t o p  r a p i d l y  whi le  t h e  unevacuated sample may cont inue  t o  r e a c t  even a f t e r  t h e  
pressure  i s  removed. 

Ef fec t  of Coal Type 

In g e n e r a l ,  t h e  chemical  f ragmentat ion of c o a l s  decreases  as t h e  c o a l  rank 
increases .  F igure  8 d e p i c t s  t h e  s i z e  c o n s i s t  of s i z e d  samples o f  Upper Freepor t  
(carbon 70.32%; a s h  18.16%) and I l l i n o i s  116 (carbon 70.01%; ash  12.52%) seam c o a l s  
which have been t r e a t e d  under comparable condi t ions .  I l l i n o i s  66 c o a l  is s l i g h t l y  
lower i n  rank  than Upper Freepor t  and cons iderably  more breakage occurs .  However, a. 
Pi t t sburgh  seam c o a l ,  which i s  lower i n  rank than the  Upper Freepor t ,  would n o t  
r e a c t  a t  a l l  i n  l i q u i d  anhydrous ammonia a t  atmospheric  p r e s s u r e  and, t h e r e f o r e ,  
t h e  c o r r e l a t i o n  does n o t  always hold. L igni te  and a n t h r a c i t e  samples have shown 
some s u s c e p t i b i l i t y  t o  chemical f r a c t u r e ,  bu t  no t  a s  much as bituminous c o a l s .  
This  s l i g h t  c o r r e l a t i o n  between rank and comminution may be f o r t u i t o u s  and due 
i n s t e a d  t o  d i f f e r e n c e s  i n  micro or  macro p o r o s i t y ,  maceral  c o n t e n t ,  c l e a t  system, 
swel l ing  a b i l i t y  (a), minera l  matter d i s t r i b u t i o n ,  or  perhaps o t h e r  f a c t o r s .  
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Chemical React ions 

Chemical r e a c t i o n s  between t h e  ammonia and c o a l  could have a n  adverse  
e f f e c t  on t h e  recovery of  t h e  ammonia and on t h e  amount of NO 
t h e  c o a l  is  combusted. Therefore ,  t h e  n i t r o g e n  conten t  of cog1 b e f o r e  and 
a f t e r  ammonia t reatment  was determined f o r  a v a r i e t y  of c o a l  seams. 
presented  i n  Table 1 vary  s l i g h t l y  f o r  d i f f e r e n t  c o a l s  and t h e  i n c r e a s e  i n  
n i t r o g e n  appears t o  be i n  c o r r e l a t i o n  wi th  a decrease  i n  rank. No i n c r e a s e  appears  
t o  t a k e  p lace  wi th  Upper Freepor t  seam c o a l ,  a s l i g h t  increase  (6%) wi th  
P i t t s b u r g h  seam c o a l ,  and approximately a 20% i n c r e a s e  wi th  I l l i n o i s  116 seam 
c o a l  when t h e  sample i s  a i r  d r ied .  However, some of t h e  n i t r o g e n  can be re- 
moved by hot water washing. I n  g e n e r a l ,  t h e  +8 mesh p a r t i c l e s  show a lower in-  
crease i n  n i t rogen  than t h e  o t h e r  s i z e s .  The n a t u r e  of  t h e  chemical r e a c t i o n  t h a t  
may be tak ing  p lace  i s  unknown, b u t  t h e r e  a r e  f u n c t i o n a l  groups (e .g .  e s t e r s )  i n  
c o a l  t h a t  could form n i t r o g e n  compounds. With I l l i n o i s  16 seam c o a l ,  the  l o s s  of 
ammonia would s t i l l  be smal l  (4.4 l b s  ammonia p e r  ton of t r e a t e d  c o a l  when a hot  
water wash is used) and i t  i s  unknown whether NO emissions would change. 

emi t ted  when 

The r e s u l t s  

From t h e  above r e s u l t s ,  i t  can be seen t h a t  considerably more informat ion  
i s  necessary before  t h e  mechanism of chemical comminution i s  understood.  S tudies  
d i r e c t e d  a t  a b e t t e r  understanding of t h e  phenomena and the  e f f e c t  i t  has  on 
t h e  chemically t r e a t e d  c o a l  are p r e s e n t l y  underway. 
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Figlire 4. Effect of Preevocuation on Chemical Comminution of Illinois 
No. 6 Coal 

Figure 5. Effect of Reaction Pressure and Water Content in the Coal or 
Comminuting Agent on Fragmentation of 314" x 114" Samples of 

Illinois No. 6 Coal 
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Figure  6 .  E i feLt  of S t a r t i n g  S i z e  on Chemical Comminution of  l l l i n o i s  
No. 6 Seam Coal 
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Figure  7 .  E f f e c t  of Evacuation A f t e r  Chemical Treatment of I l l i n o i s  
No. 6 Seam Coal 
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Figure 8. Size Consist of Illinois No. 6 and Upper Freeport Seam Coals 
( 3 / 4 "  x 1 / 4 "  starting material) After Chemical Treatment 
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A P P L I C A B I L I T Y  OF THE MEYEHS PROCESS FOR DESULFURIZATION 
OF U.S. C O A L  ( A  SURVEY OF 35 C O A L S )  

J .  W .  Hamersma, M. L .  K r a f t  and R .  A .  Meyers 

TRW Sys tems and Energy 
Redondo Beach, CA 90278 

I .  INTRODUCTION 

The Pleyers P rocess  ( 1 , 2 )  is a new chemica l  l e a c h i n g  
p r o c e s s  which w i l l  a l l o w  many c o a l - f i r e d  power p l a n t s  and 
i n d u s t r i a l  s o u r c e s  t o  meet F e d e r a l  and S t a t e  s u l f u r  o x i d e  
emis s ion  s t a n d a r d s  w i t h o u t  t h e  use  of f l u e  g a s  c l e a n i n g .  T h i s  
p r o c e s s  u t i l i z e s  a r e g e n e r a b l e  aqueous  f e r r i c  s u l f a t e  l e a c h i n g  
u n i t  t o  c h e m i c a l l y  c o n v e r t  and remove t h e  p y r i t i c  s u l f u r  
c o n t e n t  o f  t h e  c o a l  a s  e l e m e n t a l  s u l f u r  and i r o n  s u l f a t e .  
Although o n l y  p y r i t i c  s u l f u r  i s  r e m o v e d  ( o r g a n i c  s u l f u r  
r e m a i n s ) ,  t h e  Meyers P rocess  h a s  w i d e  a p p l i c a b i l i t y  f o r  
c o n v e r t i n g  U.S. c o a l  r e s e r v e s  t o  a s u l f u r  l e v e l  c o n s i s t e n t  w i t h  
p r e s e n t  and proposed government a 1 s u 1 f u r o x i d e em i s s i o n 
s t a n d a r d s .  

T h i r t y - f i v e  mines from t h e  m a j o r  c o a l  b a s i n s  w e r e  
i n v e s t i g a t e d  i n  t h i s  s t u d y .  Because o f  t h e  r e l a t i v e l y  h i g h  
p y r i t i c  s u l f u r  and low o r g a n i c  s u l f u r  c o n t e n t s ,  and h i g h  
p roduc t ion  ( 7 0  p e r c e n t  o f  c u r r e n t  U.S. o u t p u t )  of Appa lach ian  
c o a l s ,  t h e  Meyers P r o c e s s  a p p e a r s  t o  have major impact  i n  t h i s  
a r e a .  

I n  t h e  Meyers P r o c e s s ,  aqueous f e r r i c  s u l f a t e  i s  used a t  
9O-13O0C t o  s e l e c t i v e l y  o x i d i z e  t h e  p y r i t i c  s u l f u r  c o n t e n t  o f  
c o a l  t o  y i e l d  i r o n  s u l f a t e  and f r e e  e l e m e n t a l  s u l f u r  a s  shown 
i n  Equat ion  1 .  The i r o n  s u l f a t e  d i s s o l v e s  i n  s o l u t i o n  w h i l e  
t h e  f r e e  s u l f u r  is removed from t h e  c o a l  m a t r i x  e i t h e r  by 
v a p o r i z a t i o n  or  s o l v e n t  e x t r a c t i o n .  T h e  l e a c h i n g  ( o x i d i z i n g )  
a g e n t  i s  then  r e g e n e r a t e d  a t  a s i m i l a r  t e m p e r a t u r e  u s i n g  oxygen 
o r  a i r  and r e c y c l e d ,  w h i l e  p roduc t  i r o n  s u l f a t e s  a r e  removed by 
l i m i n g  and /o r  c r y s t a l l i z a t i o n .  

4 .6  Fe2(S04)3  + 4 . 8  H20 + FeS2 - 1) 

10.2  FeS04 + 4.8 ~ 2 ~ 0 4  + 0.8s 

The d e t a i l e d  c h e m i s t r y ,  l e a c h i n g  c o n d i t i o n s ,  r e a c t i o n  
k i n e t i c s ,  p r o c e s s  e n g i n e e r i n g ,  and c o s t  e s t i m a t e s  have  been  
pub l i shed  ( 3 , 7 )  and a r e a c t o r  t e s t i n g u n i t  is b e i n g  b u i l t .  

This  paper  p r e s e n t s  e x p e r i m e n t a l  r e s u l t s  and d i s c u s s i o n  
f o r :  a )  p y r i t i c  s u l f u r  removal from c o a l ,  b) p y r i t i c  s u l f u r  
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p a r t i t i o n  by  f l o a t - s i n k  s e p a r a t i o n  from t h e  same c o a l s ,  c )  t h e  
e f f e c t  o f  t h e  Meyers P r o c e s s  on t h e  t r a c e  e lement  c o n t e n t  o f  
t h e  t r e a t e d  c o a l s  and d )  a p p l i c a b i l i t y  of  t h e  Meyers P rocess  
f o r  meet ing  a i r  p o l l u t i o n  c o n t r o l  s t a n d a r d s .  T h i s  work was 
performed u n d e r  c o n t r a c t  t o  t h e  Envi ronmenta l  P r o t e c t i o n  Agency 
( 8 , 9 ) .  

11. SULFUR R E D U C T I O N  

A summary o f  t h e  s u l f u r  a n a l y s e s  o f  t h e  run-of-mine c o a l s  
u t i l i z e d  i n  t h i s  s t u d y  is shown i n  F i g u r e  1 .  The o r g a n i c  a n d  
p y r i t i c  s u l f u r  c o n t e n t s  a r e  p l o t t e d  a l o n g  t h e  x and y a x i s  
wh i l e  t h e  sum of t h e s e  v a l u e s  f o r  a g i v e n  c o a l  can be r ead  from 
t h e  d i a g o n a l  l i n e s .  The ave rage  c o a l  f o r  t h i s  su rvey  c o n t a i n e d  
2.02% p y r i t i c  s u l f u r  and 3.05% t o t a l  s u l f u r  which co r re sponds  
t o  t h e  U.S. Bureau o f  Mines ave rage  f o r  325 raw c o a l s  ( l o ) ,  
i n d i c a t i n g  t h a t  t h e  s u r v e y e d  c o a l s  a r e  r e a s o n a b l y  
r e p r e s e n t a t i v e  of t h e  s u l f u r  d i s t r i b u t i o n  i n  U.S. c o a l .  

The r e s u l t s  t o  d a t e  f o r  chemica l  removal o f  p y r i t i c  s u l f u r  
(100-150 micron t o p - s i z e  c o a l )  and t h e  o p t i m a l  r e s u l t s  f o r  
c o n v e n t i o n a l  c o a l  washing (based  on t h e  1 . 4  m m ,  1 .90  f l o a t  
f r a c t i o n  o f  a f l o a t - s i n k  a n a l y s i s )  a r e  shown i n  Table  1 and i n  
g r a p h i c a l  form i n  F i g u r e  2. The t a b l e  d e s c r i b e s  t h e  r e s u l t s  
o b t a i n e d  on c o a l s  which c o n t a i n e d  s u f f i c i e n t  p y r i t i c  s u l f u r  f o r  
a c c u r a t e  s u l f u r  removal d e t e r m i n a t i o n  ( i . e . ,  >0.25% w / w ) .  
Three o f  t h e  mines s a m p l e d  w e r e  b e l o w  t h i s  l i m i t  a n d ,  
t h e r e f o r e ,  do not  appea r  i n  t h e  t a b l e .  Ac tua l  t o t a l  s u l f u r  
v a l u e s  b e f o r e  and a f t e r  chemica l  removal a r e  shown i n  Columns 4 
and 5.  These may be compared w i t h  Column 6 ,  which shows s u l f u r  
v a l u e s  which can be  o b t a i n e d  w i t h  f u l l  p r o c e s s  o p t i m i z a t i o n .  
Th i s  l a t t e r  v a l u e  was c a l c u l a t e d  by add ing  t h e  r e s i d u a l  p y r i t i c  
s u l f u r  and s u l f a t e  c o n t e n t s  o f  t h e  c o a l  t o  t h e  i n i t i a l  o r g a n i c  
sulfur v a l u e  a f t e r  c o r r e c t i o n  f o r  any c o n c e n t r a t i o n  e f f e c t s  
d u e  t o  a sh  removal .  I n  t h e  s u r v e y  program, comple te  removal o f  
r e s i d u a l  e l e m e n t a l  s u l f u r  and s u l f a t e  was no t  a lways  o b t a i n e d  
s i n c e  c o n d i t i o n s  were s t a n d a r d i z e d  b u t  no t  op t imized  f o r  each  
i n d i v i d u a l  c o a l .  T h u s ,  f o r  example ,  a l t h o u g h  96 p e r c e n t  p y r i t e  
conve r s ion  was o b t a i n e d  f o r  t h e  B i rd  No. 3 c o a l ,  t h e  t o t a l  
s u l f u r  was r educed  t o  0.80 p e r c e n t ,  n o t  t h e  t h e o r e t i c a l  0.45 
p e r c e n t  d u e  t o  t h e s e  e f f e c t s .  These  p r o c e s s i n g  problems have 
now been r e s o l v e d  a s  p a r t  of o t h e r  p r o j e c t s  ( 3 . 9 )  and t h e  
v a l u e s  shown i n  Column 6 can  be c o n s i d e r e d  t o  r e p r e s e n t  t h e  
true p o t e n t i a l  o f  t h e  p r o c e s s .  Because of t h e  widespread  
a p p l i c a t i o n  o f  p h y s i c a l  c l e a n i n g  t e c h n i q u e s  f o r  removal o f  
non-combust ib le  rock  (which i n c l u d e s  v a r y i n g  amounts of p y r i t e ,  
a long  w i t h  some c a r b o n )  from c o a l ,  f l o a t - s i n k  f r a c t i o n a t i o n  was 
Performed i n  o r d e r  t o  d e f i n e  t h e  r e l a t i v e  u t i l i t y  of washing 
and chemica l  d e s u l f u r i z a t i o n  f o r  each  c o a l .  The r e s u l t s  a r e  
shown i n  Column 9 and a l s o  i n  F i g u r e  2.  

The s u l f u r  r e d u c t i o n  p o t e n t i a l  o f  t h e  Meyers P rocess  was 
found t o  be h i g h l y  a t t r a c t i v e  and i n  p a r t i c u l a r  i t  was found 
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Figure 1. S u l i i l r  Forms o f  Sampled U.S. Coals 
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Table 1 .  Summary of Pyritic Sulfur Removal Results 
(100-150 micron top-size coal) 
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SULFUR, 7. 

Figure 2. Sulfur Content of Survey Run-of-Mine Coals(Curve 
a), the Same Coals Physically CleanedcCurve c )  
and Chemically Desulfurized(Curve b) 
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t h a t :  a )  t h e  Meyers  P r o c e s s ,  a t  i t s  c u r r e n t  s t a t e  o f  
deve lopment ,  removed 83 t o  99  p e r c e n t  of t h e  p y r i t i c  s u l f u r  
c o n t e n t  o f  t h e  32 c o a l s  s t u d i e d ,  r e s u l t i n g  i n  t o t a l  s u l f u r  
c o n t e n t  r e d u c t i o n s  o f  25 t o  80 p e r c e n t ,  b )  t w e l v e  (38 p e r c e n t )  
of t h e  c o a l s  were r educed  i n  s u l f u r  c o n t e n t  t o  t h e  0 . 6  t o  0.8 
p e r c e n t  s u l f u r  l e v e l s  g e n e r a l l y  c o n s i s t e n t  w i t h  t h e  New Source 
Per formance  S t a n d a r d s  and many s t a t e  s t a n d a r d s ,  c )  i n  a l l  
c a s e s ,  t h e  Meyers P r o c e s s  removed s i g n i f i c a n t  t o  v e r y  l a r g e  
i n c r e m e n t s  o f  s u l f u r  o v e r  t h a t  s e p a r a b l e  by p h y s i c a l  c l e a n i n g ,  
and d )  i n  two c a s e s ,  t h e  North R i v e r  and Math ie s  m i n e s ,  c o a l  
c l e a n i n g  a c t u a l l y  r e s u l t e d  i n  a s u l f u r  c o n t e n t  i n c r e a s e  i n  t h e  
f l o a t  p r o d u c t .  

111. RATE OF P Y R I T I C  SULFUR REMOVAL 

The removal  o f  p y r i t i c  s u l f u r  was measured a s  a f u n c t i o n  
o f  t ime a t  100°C fo r  18 Appalachian  and 3 E a s t e r n  I n t e r i o r  
r e g i o n  c o a l s .  The r e s u l t s  a r e  d i s p l a y e d  i n  T a b l e  2 ,  which 
shows t h e  r a n g e  of r a t e s  t h a t  were o b s e r v e d .  I t  was assumed 
t h a t  t h e  e m p i r i c a l  k i n e t i c  r a t e  e x p r e s s i o n  (3) which was 
developed  p r e v i o u s l y  f o r  t h i s  p r o c e s s  i s  a p p l i c a b l e  t o  a l l  
c o a l s  i n  t h e  s u r v e y .  The k i n e t i c  e q u a t i o n  can  b e  s i m p l i f i e d  by 
h o l d i n g  t h e  r e a g e n t  c o n c e n t r a t i o n  r e l a t i v e l y  c o n s t a n t ,  a s  was 
t h e  c a s e  i n  t h i s  s t u d y ,  t o  y i e l d  E q u a t i o n  2.  

-d[Wp]/(dt)  = koWp2 I r a t e  of p y r i t e  removal 2 )  

where 

blp = w e i g h t  p e r c e n t  p y r i t e  i n  t h e  c o a l ,  and 

ko = f u n c t i o n  of t e m p e r a t u r e ,  r e a g e n t  c o n c e n t r a t i o n ,  
coal  t y p e ,  and p a r t i c l e  s i z e .  

By i n t e g r a t i n g  Equa t ion  2 ,  t h e  f r a c t i o n  of p y r i t e  removed as a 
f u n c t i o n  o f  time i s  shown i n  Equa t ion  3. 

where 

F = f r a c t i o n  o f  p y r i t e  removed, 

Wpo 

tF 

= i n i t i a l  p y r i t e  c o n c e n t r a t i o n ,  and 
= time t o  removal  a t  f r a c t i o n  F. 

The i n i t i a l  w e i g h t  p e r c e n t  o f  p y r i t i c  s u l f u r  Spo may be 
s u b s t i t u t e d  f o r  Wpo and Equa t ion  3 r e a r r a n g e d  t o  Equa t ion  4 .  
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l / ( S p o t F )  CL k = a c t u a l  r a t e  c o n s t a n t  4) 

Thus ,  a s suming  8 0  p e r c e n t  removal a s  a p o i n t  o f  compar i son ,  t h e  
v a l u e s  of  1/Spot80% shown i n  Column 6 of T a b l e  2 a r e  i n d i c a t i v e  
o f  t h e  r e a c t i v i t i e s  o f  t h e  p y r i t e  c o n t a i n e d  i n  t h e  c o a l s  t h a t  
were s t u d i e d .  A l a r g e  a m o u n t  o f  e x p e r i m e n t a t i o n  a n d  
e n g i n e e r i n g  h a s  been performed u s i n g  r a t e  d a t a  o b t a i n e d  f o r  
Mart inka ( 3 )  c o a l ;  t h e r e f o r e ,  t h e  Mar t inka  c o a l  Spotgo% h a s  
been s e t  e q u a l  t o  1 f o r  a b a s i s  of comparison ( a s  shown i n  
Column 7 ) .  

I t  can  be e a s i l y  seen f rom T a b l e  2 t h a t  t h e r e  i s  a wide 
band o f  r a t e  c o n s t a n t s  r a t h e r  e v e n l y  s p r e a d  o v e r  a f a c t o r  of 
a p p r o x i m a t e l y  30. The Kopperston No. 2 and H a r r i s  Nos. 1 and 
2 c o a l s  r e a c t  more r a p i d l y  t h a n  t h e  slowest c o a l s  (Dean and 
Muskingum) by a f a c t o r  o f  abou t  30. Thus ,  it is a p p a r e n t  t h a t  
r e a l  and s i g n i f i c a n t  r a t e  d i f f e r e n c e s  do e x i s t  between p y r i t e  
i n  v a r i o u s  c o a l s .  C h a r a c t e r i s t i c s  o f  c o a l  such  a s  po re  
s t r u c t u r e ,  s i z e  and s h a p e  d i s t r i b u t i o n  o f  p y r i t e ,  e t c . ,  may be 
t h e  p r imary  f a c t o r s  a f f e c t i n g  t h e  r a t e  c o n s t a n t  as r e f l e c t e d  i n  
t h e  obse rved  band o f  v a l u e s  found f o r  t h e  r a t e s  g i v e n  i n  Tab le  
2.  

I V .  T R A C E  ELEMENT REMOVALS 

Because b o t h  chemica l  l e a c h i n g  and p h y s i c a l  c l e a n i n g  
p r o c e s s e s  have t h e  a b i l i t y  t o  remove p o t e n t i a l l y  ha rmfu l  t r a c e  
elements from c o a l  e i t h e r  by l e a c h i n g  or p h y s i c a l  p a r t i t i o n i n g ,  
50 c o a l  s amples  have been ana lyzed  i n  d u p l i c a t e  or t r i p l i c a t e  
t o  d e t e r m i n e  t h e  e x t e n t  of t h e  r emova l ,  i f  any ,  f o r  18 e l e m e n t s  
o f  i n t e r e s t  t o  t h e  Env i ronmen ta l  P r o t e c t i o n  Agency. The 
samples  i n c l u d e d  20 a s  r e c e i v e d ,  20 c h e m i c a l l y  l e a c h e d  and 10 
f l o a t - s i n k  t r e a t e d  c o a l  s amples .  The r e s u l t s  a r e  shown fo r  12 
elements i n  F i g u r e  3 i n  c u m u l a t i v e  f a s h i o n .  S i x  e l e m e n t s ,  8, 
Be, H g ,  S b ,  S e ,  and Sn y i e l d e d  n e g a t i v e  or  i n c o n c l u s i v e  r e s u l t s  
due t o  low l e v e l s  o r  a n a l y s i s  d i f f i c u l t i e s  and t h u s  a r e  n o t  
p l o t t e d .  Although t h e  r e s u l t s  v a r i e d  g r e a t l y  from c o a l  t o  c o a l  
i n  r e s p e c t  t o  t h e  e l e m e n t s  e x t r a c t e d  and t h e  d e g r e e  o f  
e x t r a c t i o n ,  some g e n e r a l  c o n c l u s i o n s  can  be r eached .  

0 A s ,  Cd, Mn, N i ,  Pb, and Zn a r e  removed t o  a s i g n i f i c a n t l y  

0 F and L i  a r e  p a r t i t i o n e d  t o  a g r e a t e r  ex t en t  by p h y s i c a l  

0 Ag and Cu a r e  removed w i t h  a s l i g h t  p r e f e r e n c e  f o r  

g r e a t e r  e x t e n t  by t h e  Meyers P r o c e s s ,  

s e p a r a t i o n  p r o c e d u r e s ,  

f l o a t - s i n k  s e p a r a t i o n ,  and 

C r  and V a i e  removed fo r  b o t h  p r o c e s s e s  w i t h  e q u a l  success. 0 
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The e f f e c t i v e  removal o f  As,  Cd, C r ,  N i ,  Pb, and Z n  from 
t h e  c o a l  by t h e  Meyers P r o c e s s  is e s p e c i a l l y  no tewor thy  as 
t h e s e  compounds a r e  c o n c e n t r a t e d  ( a l o n g  w i t h  S e )  i n  t h e  f i n e  
p a r t i c u l a t e s  e m i t t e d  from c o a l - f i r e d  power p l a n t s .  T h i s  f i n e  
p a r t i c u l a t e  m a t t e r  h a s  been demons t r a t ed  t o  p a s s  th rough  
c o n v e n t i o n a l  f l y - a s h  c o n t r o l  d e v i c e s .  
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A PROCESS DEVELOPMENT PLANT FOR TESTING OF THE 
MEYERS PROCESS 

L.J. Van Nice, E.P.  Koutsoukos, R.A. Orsini and R.A. Meyers 

TRW System and Energy 
Redondo Beach, CA 90278 

I .  INTRODUCTION 

Low organic su l fur  coal can be desulfurized prior t o  combustion us ing  
the Meyers Process(] $2) t o  meet governmental requirements fo r  su l fur  oxide 
m i s s  ions. 

The process removes up  t o  80 percent of the total  su l fur  content of 
coal through chemical leaching of 90 t o  95 percent of the pyr i t ic  su l fur  
contained i n  t he  coal matrix w i t h  aqueous f e r r i c  su l fa te  solution a t  
temperatures of 90" to  130°C. The f e r r i c  su l f a t e  content of the  leach 
solution i s  regenerated a t  similar temperatures using a i r  o r  oxygen, and 
elemental su l fu r  and iron su l fa tes  are recovered as reaction products o r  
alternatively gypsum can replace a portion of t he  iron su l fa tes  as a 
product. The physical form of the coal remains unchanged; only pyrite and 
some inorganic materials a re  removed. 

The Environmental Protection Agency estimates tha t  90 x 10 tons 
(82 x lo9 metric tons) of coal reserves i n  the U.S. Appalachian Coal Basin 
can be reduced i n  su l fur  content by the Meyers Process t o  levels which will 
meet New Source Performance Standards. Successful bench-scale testing(3.4) 
and romising engineering analyses(3.5-7) together with applicabili ty test- 
ing(E.91, have led the Environmental Protection Agency t o  sponsor the con- 
struction and operation of a test plant. 

described below. 

11. 

9 

Process chemistry, and t e s t  plant design and operation will be 

PROCESS CHEMISTRY, KINETICS AND SCHEME 

The process is based on the oxidation of coal pyrite with f e r r i c  sul- 
fate solution (Equation 1 ) .  The leaching reaction i s  highly se lec t ive  t o  
pyrite w i t h  60 percent of the pyr i t ic  su l fur  converted t o  su l fa te  su l fur  
and 40 percent t o  elemental su l fur .  The reduced f e r r i c  ion is regenerated 
by oxygen or  a i r  according to Equations 2 o r  3.  

FeS2 + 4.6 Fe2(S04)3 + 4.8 H20 + 10.2 FeSOq + 4.8 H2S04 + 0.85 1) 

2.4 O2 + 9.6 FeS04 + 4.8 H2S04 + 4.8 Fe2(S04)3 + 4.8 H20 2)  

2.3 O2 + 9.2 FeS04 + 4.6 H2S04 + 4.6 Fe2(S04)3 + 4.6 H20 3) 
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Regeneration--can be performed ei ther  concurrently with coal pyrite leaching 
in a single operation or separately. The net effect  of the process i s  the 
oxidation of pyri te  #ith.oxygen t o  y ie ld  recoverable iron, su l f a t e  sulfur, 
and elemental sulfur.  The form of process products varies t o  some extent 
with the degree of regeneration performed. 
t o  the overall process chemistry indicated by Equation 4 with the products 
being a mixture of iron sulfates and elemental sulfur.  Equations 1 and 3 
yie ld  ferrous su l f a t e ,  sulfur ic  acid,  and elemental sulfur as indicated by 
Equation 5.  

Thus, Equations 1 and 2 lead 

FeS2 + 2.4 O2 + 0.6 FeS04 + 0.2 Fe2(S04)3 + 0.85 41 

FeS2 + 2.3 O2 + 0.2 H20 + FeS04 + 0.2 H2S04 + 0.85 5) 

Several options ex i s t  in product recovery. 
as pure sol ids  by stepwise evaporation of a spent reagent slipstream w i t h  
ferrous sulfate  being recovered f i r s t  because of i t s  lower solubi l i ty .  
Alternately, ferrous su l f a t e  may be recovered by crystal l izat ion and f e r r i c  
sulfate  or  sulfur ic  acid removed by liming spent reagent or spent wash 
water slipstreams. 
easi ly  be converted t o  highly insoluble basic iron sulfates  (by a i r  oxida- 
t ion)  or calcium sulfate  (by low-temperature sol id  phase reaction) fo r  
disposal. Elemental sulfur  may be recovered from coal by vaporization with 
steam or by vacuum or i t  can be leached out with organic solvents such as 
toluene. Product marketability and product recovery economics will d i c t a t e  
the choice. Recovery economics may be influenced by quantity and concen- 
t ra t ion of product i n  the process eff luent  streams which in t u r n  are  
influenced by the pyrite concentration i n  the coal and the desired extent 
of desulfurization. 

I ron sulfates  may be recovered 

Iron sulfates  my be stored as such for s a l e  or  may 

The process has been extensively studied a t  bench-scale. Parameters 
investigated included coal top-size, reagent composition, s lurry concentra- 
t i on ,  reaction temperature and pressure, and reaction time. 
investigations completed or underway include concurrent coal leaching-re- 
agent regeneration, product recovery, product s t a b i l i t y ,  and the e f f ec t  of 
coal physical cleaning on process performance and economics. The process 
scheme depicted in Figure 1 is based on the bench-scale tes t ing.  Coal i s  
a )  crushed t o  the desired s i ze  fo r  processing, b) contacted with ho t  re- 
cycled reagent i n  the Mixer (SO-100°C), c)  leached of pyrite in the 
Reactor(s) with simultaneous or separate reagent regeneration, d )  washed 
with h o t  water, and e )  stripped of elemental sulfur ,  dried and f ina l ly  
cooled. 
s t r e a m  prior t o  reagent recycle. Figure 2 shows typical d a t a  on pyri te  
removal rates from Appalachian coal as a function of temperature. 
of 10-20 percent of the pyri te  is obtained during s lurry mixing and heat-up. 

Additional 

The iron and sulfate  sulfur  are  recovered from spent reagent s l i p -  

Removal 
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Bench-scale data indicated tha t  the pyrite leaching r a t e  from coal can 
be adequately represented by the empirical r a t e  expression (Equation 6 ) .  

where 

KL = AL exp (-EL/RT),  

W p  
Y 
AL and EL a re  constants for  each coal and par t ic le  s i z e  a t  l ea s t  

over most of the reaction range. 

= w t  percent pyr i te  in  coal, 

= f e r r i c  ion-to-total iron r a t i o  i n  the reactor reagent, and 

The leach r a t e  i s  a function of coal type. Pyrite extraction rates vary 
considerably as detailed i n  a study of the Meyers Process as applied to  
U.S.  coals(9) - e.g., there was more than one order of magnitude d i f fe r -  
ence between the f a s t e s t  and slowest reacting coal i n  at taining 75 percent 
pyrite removal a t  100°C. The reagent regeneration r a t e  is governed by the  
ra te  expression (Equation 7 ) .  

‘ R = - - =  dFet2 d t  K P (Fe“)’ 
O2 

7)  

where 

KR = AR exp ( - E R / R T ) ,  

P = oxygen partial  pressure, 

Fe” = ferrous ion concentration i n  the reagent solution, and 
AR and ER a re  constants. 

Engineering evaluation o f  available data shows tha t  i t  is preferable 
t o  process f ine  coal ( <  2mm top-size) under simultaneous leaching-regener- 
ation conditions i n  the temperature range of 110-130°C until  the majority 
of the pyrite i s  leached out.  Ambient pressure processing (approximately 
100DC) is indicated fo r  the removal of the  l a s t  few tenths percent of 
pyrite since the  low Wp value substantially reduces the  r a t e  of f e r r i c  ion 
consumption and, therefore,  the need fo r  simultaneous reagent regeneration. 
Ambient pressure processing appears t o  be indicated a l so  fo r  coarse coal 
(e.g., 10 millimeter top-size) for  several reasons. 
continuously feed a non-slurryable coal into and remove i t  from a pressure 
vessel. 
coal and pump i t  into a small pressure vessel for regeneration. Also the 

O2 

I t  i s  d i f f i cu l t  t o  

I t  is much eas ie r  and less  costly t o  drain leach solution from the  
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slower reaction rate with coarse coal would require much longer residence 
times and unreasonably large total  volume f o r  the pressure vessels. These 
engineering evaluations were par t  of the data used t o  design the t e s t  plant. 

111. TEST PLANT DESIGN AND OPERATION 

being bu i l t ,  under the sponsorship of Environmental Protection Agency a t  
TRW's Capistrano Test S i t e .  A p l a n t  flow diagram is shown i n  Figure 3. 
The f a c i l i t y  w i l l  be capable of on-line evaluation of the following c r i t i c a l  
process operations: 

0 Pressure leaching of py r i t i c  sulfur  from 150 micron t o  2 mn top- 
s i z e  coal a t  pressures up t o  100 psig, 

0 Regeneration of f e r r i c  su l f a t e  both separately,  f o r  processing larger 
top-size coal or low pyrite coal, and in a s ingle  vessel with the leach- 
i n g  step fo r  processing of suspendable coal,  

0 Fi l t r a t ion  of leach solution from reacted coal, 

0 Washing of residual iron sulfate  from the coal. 

drying unit operations will  be evaluated in an  off- l ine mode i n  eauioment 
vendor pi lot  uni ts .  Leaching of 10 nun top-size coal can be evaluated i n  
an off-l ine mode i n  an atmospheric pressure vessel instal led i n  the t e s t  
plant. Coarse coal grocessing (5-10 mn top-size) has been very promising 
in laboratory t e s t s (  1. If  t h i s  approach proves out  i n  bench-scale 
evaluations, more extensive and on-line coal leaching units can be readily 
added t o  the present t e s t  plant.  Processing f ine  coal allows the highest 
rate of pyri t ic  sulfur  removal, while processing coarse coal, although 
slower, allows lower cost  coal dewatering units and the direct  shipping of 
desulfurized coal product without need for pelletizing. 

The t e s t  plant under construction a t  the Capistrano Test S i t e  i s  a 
highly f lexible  f a c i l i t y  capable of tes t ing the numerous al ternate  pro- 
cessing modes of potential interest  i n  the Meyers Process. The flow 
diagram shown in Figure 3 presents an equipment t r a in  for  continuous process 
testing of s lurr ied coal.  Fine coal ground t o  t h e  desired s i ze  i s  stored 
under nitrogen gas in  1.8 metric ton sealed bins. As required, bins 
a r e  emptied into the feed tank (T-1). Dry coal i s  continuously fed by a 
l ive bottom feeder t o  a weigh bel t  which discharges t h r o u g h  a rotary valve 
to  the three s tage  mixer (Stream 1 ) .  The aqueous iron su l f a t e  leach 
solution (Stream 2) entqrs the mixer a f t e r  f i r s t  passing through a foam 
breaker (T-2). Steam i s  added (Stream 3)  t o  r a i se  the slurry t o  its 
boiling point. Foaming will occur in the early stages of mixing, b u t  will  
cease when par t ic le  wetting ib complete. 
time and conditions necessary t o  complete the wetting and defoaming of the 
slurry will depend on the coal type and s i ze  and on the residual moisture 
i n  the feed coal. 
stages have variable volume, w i t h  variable speed agi ta tors  and the feed f l w  
rates f o r  coal,  leach solution and steam can be varied over wide ranges. 

A t e s t  p lan t  sized t o  process u p  t o  8 metric tons per day of coal is 

Iron su l f a t e  crystal l izat ion,  elemental sulfur  recovery and coal- 

I t  i s  believed t h a t  the mixing 

To allow study of the mixing parameters, the mixer 
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The defoamed s l u r r y  (Stream 4) i s  pumped t o  a f i v e  stage pressure 
vessel (Reactor 1) i n  wh ich  most of t h e  p y r i t e  renova l  r e a c t i o n  occurs. 
Some o f  t h e  p y r i t e  r e a c t i o n  occurs d u r i n g  m ix ing ,  b u t  i n  t h e  m ixe r  t h e  
r e a c t i o n  r a t e  slows r a p i d l y  because t h e  remain ing p y r i t e  (Wp) decreases 
and because t h e  f e r r i c  i r o n  i s  r a p i d l y  be ing conver ted  t o  f e r r o u s  i r o n  ( Y  
decreases). The pressure r e a c t o r  overcomes t h e  decreased r a t e  i n  two ways. 
F i r s t ,  i t increases t h e  temperature (and pressure)  t o  increase t h e  r e a c t i o n  
r a t e  constant .  Second, oxygen i s  i n t roduced  under pressure t o  regenerate 
f e r r i c  i r o n  and m a i n t a i n  a h igh  s o l u t i o n  Y .  The f l o w  diagram shows t h a t  
steam and oxygen can be added t o  any o r  a l l  o f  t h e  f i v e  stages and t h a t  
c o o l i n g  can be p r o v i d e d  f o r  any s tage i f  necessary t o  remove t h e  excess 
heat  o f  r e a c t i o n .  The unused oxygen s a t u r a t e d  w i t h  steam (Stream 7)  i s  
contacted i n  a s m a l l  pressure vessel  (T-3) w i t h  t h e  feed leach  s o l u t i o n  
(Stream 5) t o  p r o v i d e  heated l e a c h  s o l u t i o n  f o r  t h e  m ixe r  (Stream 2) and 
cooled ven t  gas. The v e n t  gas from b o t h  T-2 and T-3 a r e  scrubbed i n  T-4 
t o  remove any t r a c e s  o f  a c i d  m i s t .  The r e a c t i o n  parameters o f  importance 
have a l ready  been w e l l  s t u d i e d  a t  l a b o r a t o r y  and bench-scale i n  batch mode. 
The t e s t  p l a n t  r e a c t o r  w i l l  accommodate t h e  necessary s tud ies  o f  key para- 
meters i n  a cont inuous r e a c t o r  a t  coal throughputs between 2 and 8 m e t r i c  
tons pe r  day. Parameters which w i l l  be  s t u d i e d  i nc lude :  temperature, 
pressure, oxygen p u r i t y ,  s l u r r y  concen t ra t i on ,  i r o n  s u l f a t e  concentrat ion,  
a c i d  concen t ra t i on ,  res idence t ime  pe r  stage, number o f  stages, m ix ing  
energy, t ype  o f  m ix ing ,  coa l  s i z e  and type.  The r e a c t o r  can a l s o  be used 
t o  s tudy  l each  s o l u t i o n  regenera t i on  i n  t h e  absence o f  coal. 

f l ashed  i n t o  a g a s - l i q u i d  separator  vessel (T-5). 
(Stream 9 )  i s  condensed i n  T-4 and t h e  condensate p l u s  any e n t r a i n e d  a c i d  
m i s t  i s  removed w i t h  t h e  water. The r e s i d u a l  s l u r r y  (Stream 10) i s  f e d  t o  
a b e l t  f i l t e r .  The f i l t r a t e , w h i c h  i s  reqenerated l each  s o l u t i o n ,  i s  removed 
from t h e  coal s l u r r y  through a vacuum r e c e i v e r  (T-9) and pumped (Stream 12) 
t o  a l a r g e  l each  s o l u t i o n  s torage tank  (T-6). The coal on  t h e  f i l t e r  b e l t  
i s  washed w i th  w a t e r  (Stream 11) and d ischarged f rom the  f i l t e r  b e l t .  The 
wash wa te r  i s  removed through a vacuum r e c e i v e r  (T-10) and sen t  t o  a l a r g e  
l i qu id -was te  h o l d i n g  tank  (T-8) f o r  subsequent d i sposa l .  
h i g h l y  v e r s a t i l e  u n i t  which should p rov ide  t h e  da ta  necessary f o r  scale-up. 
I t  has v a r i a b l e  b e l t  speed, v a r i a b l e  b e l t  areas assigned t o  washing, v a r i -  
a b l e  cake washing ra tes ,  b e l t  sprays i f  needed t o  c o n t r o l  b l i n d i n g  o f  t h e  
pores i n  t h e  b e l t ,  and steam nozz les t o  p rov ide  f o r  p a r t i a l  cake d ry ing .  

be passed i n t o  a secondary r e a c t i o n  vessel (Reactor 2) .  A t  t y p i c a l  coa l  
feed r a t e s ,  t h i s  vessel can be f i l l e d  i n  about two hours and then  c losed  
of f ,  s t i r r e d  and heated f o r  any d e s i r e d  pe r iod  o f  t ime  be fo re  being pumped 
t o  t h e  f i l t e r .  Residence times up t o  about  10 hours a r e  a v a i l a b l e  i n  t h e  
p r imary  reac to r ,  Reactor 1. T h i s  secondary r e a c t o r  can be used t o  extend 
res idence  t imes t o  much longer  t imes  f o r  examining t h e  removal o f  f i n a l  
t races  of p y r i t e  o r  examining any o t h e r  l ong  t e r m  behavior .  
vessel a l s o  can se rve  t o  repu lb  t h e  f i l t e r  cake f o r  a d d i t i o n a l  coa l  washing 
s t u d i e s .  

Reacted coa l  s l u r r y  (Stream 8)  a t  e leva ted  temperature and pressure is  
The steam generated 

The f i l t e r  i s  a 

As an  a l t e r n a t e  process s tep,  t h e  s l u r r y  f rom t h e  f l a s h  tank  (T-5) can 

The s t i r r e d  
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The f ina l  item of major equipment i n  t h e - t e s t  plant i s  the coarse coal 
T h i s  insulated and heated tank will  hold a 

The principie use fo r  t h i s  vessel is t o  convert the regenerated 

contact vessel (Reactor 3). 
f u l l  bin (about 1.8 metric tons) of coarse coal (5  t o  10 millimeter top- 
s i z e ) .  
leach solution i n  storage tank T-6 to  a more depleted solution i n  t he  pro- 
cess feed tank. T-7. In general, the iron su l f a t e  leach solution i n  the 
f i l t r a t e  going t o  tank T-6 will  have a high Y because no secondary reactor 
was in use. For some t e s t  conditions, the feed t o  the process must be a t  
a lower Y t o  simulate recycle leach solution from a secondary reactor.  
Passing a l l  o r  some portion of the solution through coal will  lower the Y 
of the solution t o  the desired value. 
coal reactor and i f  appropriate sampling ports and possible some flow 
distribution internals were added, i t  could be used t o  obtain design data 
fo r  coarse coal processing. 

Solution tanks a re  sized a t  about 50,000 l i t e r s  t o  provide f o r  about 
a week of continuous operation on the same feed without recycle o r  change. 
I t  also provides fo r  uniform leach solution and coal samples of a large 
enough s i ze  for  product recovery studies performed by equipment vendors. 
Operation a t  the  sca le  of the  t e s t  plant will provide experience and data 
expected t o  be adequate fo r  the design of a demonstration-size commrcial 
plant. \ 

T h i s  vessel i s  basically a coarse 

1. 

2. 

3. 

4. 

5. 

6. 
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INTRODUCTION 
The emergence of chemical desulfurization of coal as a viable 

alternative to stack gas scrubbing (1) has prompted researchers in 
this field to consider a variety of chemical systems which remove 
pyritic sulfur or both the pyritic and part of the organic sulfur 
( 2 , 3 , 4 , 5 , 6 ) .  A review of the more prominent chemical desulfuriza- 
tion schemes is presented in a recent article(6). Because chemical 
desulfurization is cost competitive with stack gas scrubbing(l), 
utilities are beginning to show an interest in the development o f  
this technology which could provide them with a source of clean 
fuel to meet the rigorous EPA standards for sulfur emissions. 

This paper discusses the sulfur removal from coals using an 
ammonia/oxygen system which removes almost all of the pyritic sul- 
fur and up to 2 5 %  of the organic sulfur in about 2 hours. Because 
organic sulfur removal necessarily implies coal carbon losses, a 
balance must be struck between the amount of organic sulfur removed 
and the thermal losses than can be economically tolerated from the 
coals being cleaned. 

Although no effort has been made to optimize the system re- 
ported here, the results of BTU loss, oxygen consumption,retention 
time, etc. are fairly consistent with the oxygen/water system f o r  
pyrite removal from coals(2). The carbon losses, as might be ex- 
pected, are somewhat higher. Furthermore, the data presented here 
can be used to construct an optimization scheme for future develop- 
ment work. 

PROCESS DESCRIPTION 
In this desulfurization scheme, run-of-mine coal is treated in 

a conventional preparation plant, where the coal is crushed and 
washed to remove rock and clay material. The coarsely crushed coal 
is then fed into close-circuited wet ball mills where it is further 
ground to -100 mesh. The ground slurry is pumoe3 into oxygen sparg- 
ed leach reactors which operate at about 13O’OC and 300 psi oxygen 
pressure. All of the pyritic sulfur and up to 2 5 %  of the organic 
sulfur is removed in about two hours. The desulfurized slurry now 
goes through a solid/liquid separation operation where the coal and 
liquid are separated. Because of the formation of sulfates and the 
absorption of some of the CO (from coal oxidation) into the ammon- 
ia solution, this mixed sul$ate/ carbonate stream must be regener- 
ated to recycle the ammonia back into the process. The ammonia 
regeneration may be accomplished by calcining and/or steam strip- 
ping. 

A discussion of the sulfur removal from coals as a function of 
ammonia concentration and retention time is presented below. 
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EXPERIMENTAL CONDITIONS 
All of the experiments reported here were carried out in a 

batch mode in high pressure autcklaves. The autoclaves were equip- 
ped with baffles, and the speed of agitation controlled with the 
help of a tachometer and verified at frequent intervals with a 
stroboscope. The system was heated with a jacketed electric heater 
exterior to the chamber and the temperature controlled to within a 
couple of degrees with the aid of a temperature controller. The 
reaction was cooled rapidly at the end of the experiment with the 
help of a cooling system fitted inside the high pressure reactors. 
The mode of operation was as follows: 120 gms (dry basis) of Illin- 
ois #6 coal was slurried in ammoniacal solutions to give a so l ids  
pulp density of 20 w/o. The autoclaves were sealed and the air 
purged with inert gas. This insured no reaction with the coal 
sulfur during the heatup period. The heater and stirr rs were 
turned on and the temperature allowed to stabilize at 130 C. The 
system was then pressurized with oxygen to 300 psi, and the reac- 
tion permitted to proceed. The vapor space of the reactor was 
connected to a gas chromatograph for measurement of the gas phase 
for products of reaction. 

Minus 100 mesh coal was used, and the degree of agitation 
fixed to maintain the system in a kinetically controlled regime(2). 
Ammonia concentrations between 0.5 molar and 5 molar were studied. 
An analysis of the starting Illinois # 6  coal is listed in Table I. 

TABLE 2 -- Starting Coal Analysis 
Total Sulfur 4.99% Ash 19.27% 
Pyritic Sulfur 2.06% Vol. Matter 35.6% 
Sulfate Sulfur 0.65% Fixed Carbon 45.13% 
Organic Sulfur 2.28% BTU (maf) 13477 

8 

EXPERIMENTAL RESULTS 

iacal system is given by Equation 1). 
The chemical reaction for the oxidation of pyrite in an ammon- 

FeS2+4NH3+7/2 H20+15/4 02* 4NHf;+2SOi + ?'e (OH) 1) 

where all of the sulfide sulfur is oxidized to soluble sulfates. 
Care was taken to insure that the NH /FeS molar ratio fo r  the 
experimental study was always in excesd of $he 4 required stoich- 
iometrically: a range between 6.5 and 65 was considered. 

The effect of retention time and ammonia concentration on sul- 
fur removal from Illinois # 6  coals is graphically displayed in Fig- 
ure 1. Approximately 90% of the pyritic sulfur can be removed, and 
there appears to be no apparent effect of NH3 concentration on 
pyrite removal. There appears to be a definite trend, however, in 
the organic sulfur removal as a function of NH3 concentration. 
Measurements of total change in sulfur content of the coal, expres- 
sed as 1bs.SO /MMBTU, shows a 50% change between the starting coal 
and the desujfurized coal. This compares against a 25% change 
after desulfurization of Illinois # 6  coals when uxing the 0 /H 0 
system(2) where only pyritic sulfur is removed. The desulfujizid 
coals. after an NH3/02 treatment, also show no residual sulfate 
sulfur. 
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An important consideration in any chemical desulfurization 
process, in which the coal sulfur is oxidized, is the oxidant con- 
sumption. For this process the oxygen consumption to oxidize the 
coal sulfur species, and the coal itself,,may be listed as follows: 

reaction with pyrite t; oxidation of organic sulfur 
c) oxygen uptake by the coal 
d) 

e) formation of carbonates in solution. 
The stoichiometric oxygen consumption for the pyrite reaction, 

given by Equation l), calculates to be 1.0 1b.O /lb.FeS . 
In the oxidation of pyrite with oxygen it 3s inescipable that 

oxygen will also react with the coal carbon. This oxidation of the 
coal usually results in the formation of CO and CO , together with 
soluble coal acids. There is a greater propensit? for the forma- 
tion of coal acids in basic systems than in aci9 systems. Further- 
more, there is some pickup of oxygen by the coal to form an inter- 
mediate oxygen-coal complex. 

The gases, as analyzed in the vapor space of the autoclaves, 
using a gas chromatograph, show that CO formation is negligible and 
that CO is the major product of reaction. Some of the CO formed 
due to 6arbon oxidation tends to dissolve in the ammoniaca3 liquor 
and report as carbonates in solution. To accurately determine the 
exact oxygen consumption for coal oxidation, solution analyses were 
conducted to measure this amount of carbonate formed. These anal- 
yses showed that the amount of carbonate measured in solution in- 
creased with increasing ammonia concentration. The total oxygen 
consumption for coal oxidation, both as CO in the vapor space and 
carbonate in solution, as a function of regention time and ammonia 
concentration is shown in Figure 2. These results show that the 
coal oxidation is fairly insensitive to the ammonia concentration. 

Due to the formation of an oxygen-coal complex, there is some 
oxygen tied up with the coal. This consumption is graphically 
displayed in Figure 3 ,  which again shows no dependence on ammonia 
concentration. A minimum oxygen consumption for this process is 
tabulated in Table 11. 

oxidation of coal to form CO and C02 in the 
gaseous phase 

-- TABLE I1 -- Minimum Oxygen Consumption 

oZfor pyrite reaction 
0 uptake by coai 
0; for co2 + coj- 

1bs.O2(lb. coal 
0.0375* 
0.034** 
0.035** 
0.1065 

-_-__----- 
* Based on 2 %  pyritic sulfur coal 
** After 2 hours of sulfur removal 

This table does not take into account any oxygen consumption 
for organic sulfur oxidation, which is difficult to measure. For a 
plant processing 8000 TPD of 2% pyritic sulfur coal (with a pyritic 
sulfur/organic sulfur ratio of 1) , the oxygen demand, based on 
Table 11, calculates to by 850 TPD. With a 25% contingency factor 
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to allow for organic sulfur oxidation, a 1000 TPD oxygen plant 
would be needed. This total oxygen duty is the same as that requir- 
ed for coal desulfurization using the 02/H20 system(2). 

An important consideration for the viability of any desulfur- 
ization process is the overall thermal efficiency of the system. 
The BTU loss, on a moisture-ash-free basis, as a function of reac- 
tion time and ammonia concentration is presented in Figure 4. This 
graph shows that between 8% and 13% loss may be expected after two 
hours of sulfur removal. The pairing of the BTU loss as a function 
of ammonia concentration shown in Figure 4 is not immediately ob- 
vious. The loss of carbon during the desulfurization process is 
graphically displayed in Figure 5. In all cases the carbon loss is 
much greater than can be accounted for by C02 and carbonate forma- 
tion. 

This suggests that the difference reports in solution as coal 
acids. The formation of these acids is not surprising since the 
reaction of alkalis with coal to form humic acids is well known. 

SUMMARY AND CONCLUSIONS 
1. Increasing reaction time and ammonia concentration im- 

proved the extent of organic sulfur removal. For exam- 
ple, after 2 hours when using a 5 NH3 solution, 25% of 
the organic sulfur can be removed. 

2. Changing the NH concentration had no apparent affect on 
pyritic sulfur 2emova1. 

3. The oxygen consumption to oxidize the coal carbon (re- 
porting as C02 in the gas phase and carbonae in solution) 
is fairly insensitive of the NH concentration. 

4 .  Ammonia concentration has no asparent affect on oxygen 
uptake by the coal. 

5. Both the ammonia concentration and reaction time-have an 
affect on the BTU and carbon values of coal. Increasing 
either one decreases the BTU and carbon value. As much 
as a 13% BTU and 10% carbon loss may be realized with 
using a 3 E NH solution and reacting the coal for 2 
hours. The larde carbon losses are due to the formation 
of coal acids. 
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INTRODUCTION 

It i s  becoming i n c r e a s i n g l y  apparent  t h a t  t h e  s o l u t i o n  t o  our n a t i o n a l  energy 
problems w i l l  r e q u i r e  a v a r i e t y  of approaches, and t h a t  t h e s e  must be  compatible  
wi th  environmental r e s t r i c t i o n s .  Coal, o n l y  r e c e n t l y  considered d e s t i n e d  Tor 
o b s c u r i t y ,  has  been rescued by a combination of  i n t e r n a t i o n a l  p o l i t i c a l  events  
and increas ing  d i f f i c u l t i e s  i n  developing a nuclear  power indus t ry .  Although coa l  
as a n  energy source p r e s e n t s  problems, a t  l e a s t  i t  is a v a i l a b l e  and can be  u t i l i z e d .  

The Federal  Government, a s  p a r t  of t h e  program adminis tered by t h e  Energy Research 
and Development Adminis t ra t ion ,  i s  c a r r y i n g  o u t  research  on many phases of c o a l  
u t i l i z a t i o n  t o  overcome t h e  environmental problems involved i n  t h e  combustion of 
coa l .  One such p r o j e c t ,  which has  been i n  progress  a t  t h e  P i t t s b u r g h  Energy Research 
Center  s i n c e  1970, i s  concerned wi th  chemical b e n e f i c i a t i o n  of coa l ,  and most 
s p e c i f i c a l l y ,  with removal of s u l f u r  from c o a l  p r i o r  t o  combustion. 

EXPERIMENTAL 

Batch Experiments. T h i r t y - f i v e  grams of -200 mesh c o a l  and 100 m l  of water were 
placed i n  a l i n e r  (glass o r  teflon) i n  a 1-liter, magnet ica l ly  s t i r r e d ,  s t a i n l e s s  
s t e e l  autoclave.  The au toc lave  was pressur ized  wi th  a i r  (from a c y l i n d e r )  t o  t h e  
r e q u i r e d  gauge pressure ,  and then  heated wi th  s t i r r i n g  u n t i l  t h e  s p e c i f i e d  
temperature  was reached (approximately 1 hour heat-up t ime) .  Af te r  a s p e c i f i e d  
t i m e  a t  reac t ion  temperature ,  t h e  au toc lave  was cooled by means of an i n t e r n a l  
cool ing  c o i l .  The c o n t e n t s  were removed a t  room temperature ,  f i l t e r e d ,  washed 
u n t i l  the  pH of the  f i l t r a t e  w a s  n e u t r a l ,  and then e x t r a c t e d  i n  a Soxhlet  thimble 
wi th  water u n t i l  s u l f a t e  (present  as CaSO ) w a s  no longer  present  i n  t h e  f r e s h  
e x t r a c t .  
analyzed by t h e  Coal Analys is  Sec t ion ,  U. S .  Bureau of Mines. 

Semicontinuous Experiments. Using a s i m i l a r  a u t o c l a v e  f i t t e d  with p r e s s u r e  
regula t ing  va lves ,  t h e  au toc lave  conta in ing  t h e  c o a l  and water  w a s  heated t o  t h e  
s p e c i f i e d  temperature  under one atmosphere ( i n i t i a l  p ressure)  of N2 .  
temperature ,  o r  s h o r t l y  before  reaching i t ,  a i r  was admit ted t o  t h e  d e s i r e d  pressure .  
Temperature was kept  a t  t h e  r e q u i r e 9  v a l u e  by us ing  h e a t i n g  and cool ing  (cool ing 
c o i l )  while  a i r  (approximately 2 f t  /h r )  flowed through t h e  au toc lave .  A f t e r  t h e  
requi red  t i m e  a t  temperature ,  t h e  au toc lave  was cooled,  and t h e  products  worked up 
a s  i n  t h e  prev ious  example. 

4 The coa l  was then thoroughly d r i e d  i n  a vacuum oven a t  100'C and 

A t  

RESULTS AND DISCUSSION 

Although t h e  p r o j e c t  w a s  i n i t i a l l y  divided i n t o  removal of organic  and of  inorganic  
s u l f u r  u, i t  w a s  soon evident  t h a t ,  though one could remove p y r i t i c  s u l f u r  
without  removing organic  s u l f u r ,  t h e  r e v e r s e  w a s  n o t  t r u e .  
removed organic  s u l f u r  would a l s o  remove p y r i t i c  s u l f u r .  
problem became one of f i n d i n g  chemistry s u i t a b l e  f o r  removing organic  s u l f u r  from 
coal .  

Any process  which 
So t h e  approach t o  t h e  
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The chemistry which we chose to explore was based on two premises: 

1. The major portion of the organic sulfur in coal was of the dibenzothiophene 
(DBT) type, and, 

2 .  The reagents had to be inexpensive. 

While we now believe that at least a sizable fraction of the organic sulfur in coal 
is not dibenzothiophenic, we have no reason to doubt that over 50% of it may be. 

These premises led u s  to the following hypothetical two-step removal of organic 
sulfur from coal. 

1. Oxidation of organic (or dibenzothiophenic) sulfur to sulfone. 

CoJ > / 

02 

2 .  Elimination of the SO2 from sulfone by base. 

02 
Both of these reactions are in the literature, and so our  task became one of 
modifying and improving them so that they could be applied to desulfurization of coal. 

The second step -- the removal of SO from DBT sulfone by base -- was found to be 
essentially quantitative when the sulfone was heated to 300°C in the presence of 
aqueous NaOH and nearly as efficient with Na2C03. This was an improvement on the 
nonaqueous treatment 0). 
The first step in the reaction -- oxidation to sulfone -- though extensively 
documented in the literature, presented more of a challenge. There are numerous 
oxidants reported which can effect the conversion of organosulfur compounds to 
sulfones, including KMn04, HNO , Cr03, H 0 /HOAc, and hydroperoxides <3). These 
obviously do not fit the second premise -- the reagents must be inexpensive. It 
was agreed that the only reagent which could be used as an oxidant was the oxygen 
in air. But DBT, and presumably the organic sulfur in coal, is inert to air at 
relatively high pressure and temperature. Transfer of oxygen to a carrier to form 
a hydroperoxide, followed by reaction of the hydroperoxide with DBT, did give 
sulfone. We found that with a large variety of hydrocarbons, such as tetralin, 
decalin, and cyclohexane, merely heating DBT with air under pressure in the presence 
of the hydrocarbon resulted in formation of sulfone Vt), presumably as a result of 
in situ formation of hydroperoxides. Benzene, which does not form a hydro- 
peroxide, affords no sulfone formation under comparable conditions. 

Applying our two-step reaction -- air oxidation followed by treatment with aqueous 
base -- to coal, we were able to achieve up to 50% removal of organic s u l f u r ,  as 
well as almost complete elimination of pyritic sulfur as a bonus. 
scheme appeared promising, it did require a suitable organic liquid and also NaOH. 

We also explored another oxidation system which utilizes air as the ultimate source 
of oxygen. Nitrogen dioxide -- NO -- is a good reagent for converting sulfides 
to sulfones, and it can be utilize2 in an easily regenerable system. 

2 2  

Though this 



2N02 + -S- j 2NO + -SO 2 - ( 3 )  

2NO + O2 2N02 (4) 

We found that we could, indeed, oxidize DBT to its sulfone in this manner, using 
NO2 and air. 
of concurrent reaction took place, including nitration of the coal, which bonsumed 
the nitrogen oxides and thus would have necessitated a continuous addition of NO 
rather than the recycling shown in Equations 3 and 4. 

In the meantime, our experiments on air oxidations of organosulfur using hydro- 
peroxide precursors led us to the ultimate experiment, the one in which H 0 was 
used in place of an organic liquid phase. This reaction of coal with steam and 
compressed air almost quantitatively converted the pyritic sulfur in coal to H SO 
In addition, we found that we had also removed 25% of the organic sulfur as weh. 
Here was evidence that there was some organosulfur in coal which was not DBT-like, 
since DBT failed to react with air and water under these conditions. 

Initial experiments on the air-steam oxydesulfurization of coal were carried out 
using a batch, stirred autoclave system. In this apparatus in order to replace 
oxygen as it was used, it was necessary to cool the autoclave to near room 
temperature, vent the spent air, repressure, and reheat. Though this gave 
satisfactory desulfurization, it was an impractical approach for studying reaction 
parameters. The results cited in Tables 1-3 are from batch studies without 
repressurization and thus represent less than maximum desulfurization in some cases. 

The apparatus was modified to allow air to flow through the stirred reactor while 
the coal-water slurry remained as a batch reactant. This is our current system. 
In this way, we can study many of the variables as they will affect the reaction 
in a continuous system. 

Our newest apparatus, now beginning operation, is a fully continuous unit, feeding 
both air and coal-water slurry into a reactor tube. This system is designed to 
obtain data on reaction rates, develop information for economic evaluation, and 
answer those questions which arise concerning engineering aspects of the process. 

Heating high-pyrite coals in aqueous slurry with compressed air at total pressure 
of 1,000 psi and at 150-160°C results in decrease of pyritic sulfur to near the 
lower limit of detection by standard analytical procedure. 
batch experiments are shown in Table 1. The sulfur which is removed is converted 
completely to aqueous sulfuric acid. Experiments in a semicontinuous experiment 
show as much as 80% of the reaction occurs within the first 5 minutes. At a 
pressure of 200 psi, the reaction is much slower, requiring several hours to achieve 
even 60% pyritic sulfur removal. For some coals, at least, the desulfurization is 
almost as rapid at 500 psi as at 1,000 psi. 
temperature dependent, but at the conditions of our experiments, reaction is 
sufficiently fast that above 150°C little improvement is noted. In a few cases, 
where a coal appears to have some residual pyrite which is not oxidized readily at 
150"C, it may be removed at 180'C. 

A s  the temperature at which the oxidation is conducted is increased above 150"C, 
an increasing amount of organic sulfur is removed from the coal. 
Percentage of organic sulfur removed parallels the temperature rise, so does the 
amount of coal which is oxidized. To prevent excessive loss of coal a practical 
limit of 200°C has been chosen for carrying out the reaction on most Coals. 
Removal of organic sulfur from a series of coals, shown in Table 2 ,  varies from 
20 to over 40%.  
with some of these coals without sacrifice of coal recoverability. 

When the reaction was extended to coal, however, a significant amount 

2 

2 

4' 

Some results of 1-hour 

The oxidation of pyritic sulfur is 

Although the 

Further reduction of organic sulfur content is probably possible 
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An upper limit on organic sulfur removal appears to be between 40 and 50%, and varies 
from coal to coal. We believe this is due to the functionality of the organic sulfur, 
and gives Some rough measure of oxidation resistant, or DBT type, of sulfur. 
Obviously, that sulfur which is removed by oxydesulfurization must be in some other 
structure which is readily oxidized, such as thiol, sulfide, and/or disulfide. 
These values coincide with removal of sulfur from coal observed when it is heated 
with aqueous alkali at 300"C, a reagent which does not attack DBT 0. 
Even at 150-160°C many coals, including some with rather high sulfur contents, can 
be dramatically desulfurized, as shown in Table 3. 

TABLE 1. Pyrite Removal from Representative Coals by Oxydesulfurization 

Temp. Pyritic sulfur, wt pct 

Seam State OC Untreated Treated 

Illinois No. 5 Illinois 150 0.9 0.1 
Minshall Indiana 150 4.2 0.2 
Lovilia No. 4 Iowa 150 4.0 0.3 
Pittsburgh Ohio 160 2.8 0.2 
Lower Freeport Pennsylvania 160 2.4 0.1 
Brookville Pennsylvania 180 3.1 0.1 

TABLE 2 .  Organic Sulfur Removal from Representative Coals 
by Oxydesulfurization 

Temp Organic sulfur, wt pct 
Seam State "C Untreated Treated 

Bevier Kansas 150 2.0 1.6 
Mammo t g  Montana 150 0.5 0.4 
Wyoming NO. $ Wyoming 150 1.1 0.8 
Pittsburgh Ohio 180 1.5 0.8 
Lower Freeport Pennsylvania 180 1.0 0.8 
Illinois No. 6 Illinois 200 2.3 1.3 
Minshall Indiana 200 1.5 1.2 

a Subbituminous 

TABLE 3. Oxydesulfurization of Representative Coals 

Temp, Total sulfur, wt pct Sulfur, lb/106 Btu 

Seam State "C Untreated Treated Untreated Treated 
Minshall Indiana 
Illinois No. 5 Illinois 
Lovilia No. 4 Iowa 
Mammo tg Montana 
Pittsburgh Pennsylvania 150 
Wyoming NO. Wyoming 
Pittsburgh Ohio 
Upper Freeport Pennsylvania 160 2.1 Q.2 1.89 0.80 
a Subbituminous 

150 5.7 2.0 4.99 1.81 

150 1.1 0.6 0.91 0.52 

150 3.3 2.0 2.64 1.75 
150 5.9 1.4 5.38 1.42 

1.3 0.8 0.92 0.60 
150 1.8 0.9 1.41 0.78 
160 3.0 1.4 2.34 1.15 
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The r e a c t i o n  condi t ions  which we have found t o  be s u i t a b l e  f o r  oxydesul fur iza t ion  
a r e  : 

Temperature - between 150" and 220' C .  
P ressure  - between 220 and 1,500 p s i  opera t ing  pressure .  
Residence t i m e  - 1 hour o r  less. 

Most of our experiments have been c a r r i e d  out  below 220°C and a t  approximately 1,000 
p s i .  Recoveries of f u e l  v a l u e s  a r e  e x c e l l e n t ,  be ing  g e n e r a l l y  90% o r  b e t t e r .  The 
only  byproduct of t h e  r e a c t i o n  is d i l u t e  H SO4. 
observable  e f f e c t  on d e s u l f u r i z a t i o n  f o r  a$ l e a s t  5 c y c l e s .  
too  concentrated f o r  f u r t h e r  use ,  i t  can be  converted t o  a commercial grade of 
s u l f u r i c  acid i f  a s u i t a b l e ,  economic market e x i s t s ,  o r  i t  can be disposed o f  by 
l imes tone  n e u t r a l i z a t i o n  as a r e a d i l y  f i l t e r a b l e  CaSO 

The process ,  o u t l i n e d  i n  F igure  1, needs no novel  technology t o  produce coa l  having 
over  95% of i ts p y r i t i c  s u l f u r  and a s  much a s  40% of i t s  organic  s u l f u r  removed. 
Other  than  t h e  c o a l ,  a i r ,  and water ,  t h e  o n l y  o t h e r  m a t e r i a l  needed f o r  t h e  process  
i s  t h e  l imestone used t o  n e u t r a l i z e  t h e  €$SO4. 
water can be recyc led ,  and t h e  only  waste  product  i s  s o l i d  CaSO (7) 

A pre l iminary  cos t  e s t i m a t e  f o r  t h i s  process  i n d i c a t e s  a cos t  of $3.50 t o  $5.00 per  
ton .  Even a t  twice t h i s  c o s t ,  t h e  process  would s t i l l  be  considerably less 
expensive than c o a l  conversion t o  gas  o r  l i q u i d  f u e l .  Assuming removal of 95% 
p y r i t i c  s u l f u r  and 40% organic  s u l f u r ,  an es t imated  40% of t h e  c o a l  mined i n  t h e  
e a s t e r n  United S t a t e s  could  be made environmental ly  acceptab le  as b o i l e r  f u e l ,  
accord ing  t o  EPA s t a n d a r d s  f o r  new i n s t a l l a t i o n s .  And t h e  s u l f u r  conten t  of t h e  
remainder of t h e  e a s t e r n  c o a l  could be d r a s t i c a l l y  reduced, making i t  environmental ly  
a c c e p t a b l e  f o r  e x i s t i n g  b o i l e r s .  

This  can  be recycled wi th  no 
When the  H SO becomes 2 4  

4 '  

No s ludge  is formed, much of t h e  

4 -' 

CONCLUSIONS 

Treatment of coa l  wi th  compressed a i r  and steam a t  15Oo-20O0C r e p r e s e n t s  a p r a c t i c a l  
method t o  d e s u l f u r i z e  t o  a c c e p t a b l e  l e v e l s  a s i z a b l e  percentage of t h e  a v a i l a b l e  
c o a l  i n  the  e a s t e r n  United S t a t e s  a t  a c o s t  i n  money and f u e l  va lue  less than  c o a l  
conversion and to  an e x t e n t  g r e a t e r  than  can be achieved by phys ica l  d e p y r i t i n g  
methods. 
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WGNETIC DESULFURIZATION OF SOME ILLINOIS BASIN COALS* 

Heydn H. Murray 

Dept. of Geology, Indiana Univ., Bloomington, Ind. 47401 

INTRODUCTION 

High extraction magnetic filtration (HEMF) is used successfully to process 
This is the first successful commercial application of a new level kaolin (1). 

of magnetic separation equipment and processing technology which resulted from 
the joinin@; of four major concepts ( 2 ) .  

1. Discovery of the importance of retention time in mineral separation. 
2. Development of very high gradient matrix collectors. 
3. High intensity fields in wet magnetic separators (up to 20 kilogauss). 
4. Modern design of large high field magnets. 

Use of longer retention time permits finely divided particles to migrate 
and be captured by a magnetized collection surface. 
is filled with a matrix of steel wool, screens made of sharp thin ribbons, or 
other filamentary material which provides very high gradients. 
h d  magnet technology led to the design of a magnet with a high field throughout 
a large cavity. 
shown on Figure 1. 
a height of 29 inches. 
through the 84 inch unit. 
feasible but the problems involved in shipping and for on site fabrication are 
such that it is probably more efficient to consider multiple installations of 
84 inch machines. 

The canister in the magnet 

Modern electronic 

A diagrammatic sketch of a large high intensity magnet is 

Up to 100 tons of kaolin per hour can be processed 
The diameter of the canister can be up to 84 inches with 

Fabrication of equipment larger than 84 inches is 

High extraction magnetic .filtration is very successful in removing iron arici 
titanium impurities from kaolin. 
ficiation of other industrial minerals and coal have been demonstrated by hrray 
(3,4,5). 
20 kilogauss. 

Potential applications for its use for bene- 

Present HEMF equipment utilizes electromagnets to generate fields of 
Power comsumption of this equipment is in the range of 400-500 KW. 

The present HEMF equipment is optimized for separation of slurry containing 
fines below 200 mesh and preferably below 20 microns. Other matrix types can be 
substituted for stainless steel wool to accomodate coarser feed materials (up to 
20 mesh) including Frantz screens, loosely packed coarse steel wool, steel shot, 
steel filings, and other filamentary material. New developments are mderway in 
matrix design and conposition which can greatly enhance HEW technology. 

MAGNETIC DESULFURIZATION OF COAL 

The earliest work concerning the reduction of s u l k  in coal by magnetic 
separation was described in a German Patent by Siddiqui in 1957 (6). 
and Remesnikov (7) published a paper in 1958 reporting that coal pulverized 
finer than 16 mesh size subjected to a thermal steam-air treatment reportedly 
made the pyrite more magnetic, which enhanced beneficiation when processed in 
a specially built magnetic separator. 
percent were reported. Perry (8) reported that fine pyrite (65 to 100 mesh) 
treated in steam-air atmosphere at temperatures of 5700 to 750°F for varying 
times, up to 10 minutes, resulted in increased quantity of pyrite becoming amenable 
to magnetic separation with increasing intensity of tredment. 
demonstrated that sulfur could be reduced to a greater extent by making a high 
intensity magnetic separation directly on raw untreated coal without employing the 
*This study was supported by a grant from The Electric Power Research Institute. 

Yurovsky 

S u l k  reduction of 85, 74.9, and 70 

Kester (9, 10,) 
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thermal pretreatment step.  
s i ze  and by magnetically separating the coarse 48 by 200 mesh s i ze  f ract ion s ig-  
nif icant  s u l k  reduction was achieved. 

Thus, by pulverizing t h e  coal  t o  a typ ica l  power plant  

Kester reported that p y r i t i c  sulfur accounts for  40 percent t o  as much as 
80 percent of t he  sulw content of most coals (9). Gluskoter and Simon (11) 
reported t h a t  t he  mean t o t a l  s u l k  content i n  474 analyses was 3.57 percent i n  
coals from I l l i n o i s  and the mean value of p y r i t i c  s u l k  i n  these same coals was 
2.06 percent. They found t h a t  there  i s  on an average approximately one and one- 
half  times a s  much p y r i t i c  sulfur i n  a sample as there  is  organic sult’ur. 

Macroscopic py r i t e  occurs i n  coal in ,  l )veins ,  ususl ly  thick and fi lmlike 
along ve r t i ca l  joints ,  2)lenses t h a t  a r e  extremely vsr iable  i n  shape and s ize ,  
3)nodules or ba l l s ,  4)disseminated c rys t a l s  and i r r egu la r  aggregates. 
scopic pyri te  occurs as small globules and blebs, f i ne  veinlets ,  dendrites,  
small euhedral crystals ,  c e l l  f i l l i n g s ,  and replacement plant  material .  

Micro- 

Kester, Leonard, and W i l  on (12) reported that the  mass suscept ibi l i ty  of 
cgs uni ts ,  An ther  value commonly used f o r  the 

electromgnet ic  u n i t s  per cubic 
The strength of magnetism, which can be induced in to  a mineral i s  

E; powdered py r i t e  was 4.53 x 10 
magnetic suscept ibi l i ty  of py r i t e  i s  25 x 
centimeter. 
dependent upon the  permeability of the mineral according t o  the equation. 

B = u H  
B - magnetic induction ir. gauss i n  the mineral 
u - Permeability of the mineral 
H - magnetic f i e l d  intensi ty  i n  gauss 

Therefore t h e  suscep t ib i l i t y  is: 
B/n = i + 4 , ~ ~  

K - magnetic suscep t ib i l i t y  expressed i n  electromagnetjc 
units cm/gm/sec 

I f  t he  value o f  K is posi t ive,  the mineral is  termed paramagnetic and 
experiences a force which tends t o  attract it i n  the direct ion of increasing 
mag;netic gradient. I f  K i s  negative, t he  mineral i s  diamagnetic and experiences 
a repulsive force. Ferromagnetic minerals, such as iron, experience strong magnetic 
forces i n  the direct ion of  increasing w e t i c  gradient and thus have very l a rge  
posi t ive values of  K. 
i f  the coal i s  crushed and pulverized f i n e  enough t o  l i b e r a t e  t h z  py r i t e  a good 
magnetic separation is  possible.  

Coal i s  diamagnetic (13) and pyr i t e  i s  paramagnetic. Thus, 

A recent study by Kindig and Turner (14) reported on a new process fo r  
removing py r i t i c  sulfur and ash from coal. 
iron carbonyl vapor which puts  a th in  skin of magnetic mater ia l  on t h e  py r i t e  and 
ash but does not a f f ec t  t h e  coal. 
coal low i n  sulfur  and ash and a magnetic f ract ion high i n  sulfur and ash. 

The pulverized coal  i s  t reated with 

Thus magnetic separztors yield a non-magnetic 

The coal samples u t i l i z e d  fo r  t h i s  report  were pulverized s o  thc t  90 percent 
passed through a 200 mesh sieve. 
fo r  the wet magnetic tests. 
magnetic s t a in l e s s  s t e e l  were used as the  matrix i n  the  canis ter .  For the  w e t  
magnetic t e s t s  re tent ion times of 30, 60, and 120 seconds were used fo r  one 
ser ies  and multiple passes with a re tent ion t i m e  of 30 seconds each were used f o r  
a second ser ies .  
multiple passes. 

The samples were s lurr ied at 30 percent sol ids  
Frantz screens made from t h i n  sharp ribbons of 430 

For t he  dry tests the se r i e s  were run using gravity feed with 

The coals used for  this report  were commercially mined coals i n  t h e  I l l i n o i s  
Basin. These are  Coals V and V I  from I l l i n o i s  and Indiana. The Indiana samples 
were from Warrick County i n  southern Indiana and t h e  I l l i n o i s  sam?les were from 
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Wabash and Williamson Counties. 

Table I shows the su l fu r  content of the  various samples. 

TABLE I - Content (Percent) 

coal Tota l  S u l h  
Indiana V 4.63 
Indiana VI 4.17 
I l l i n o i s  V 3.59 
I l l i n o i s  V I  1.98 

Inorganic Sulfur Organic S u l f k  
2.44 2.19 
2.20 1.97 
2.39 1.20 
1.02 0.95 

Figures 2 and 3 indica te  the  s u l h  reduction obtained with increasing 
re ten t ion  time and up t o  three  passes through the  magnet using wet separation 
methods. Figure 4 shows the  sulfur reduction obtained using a dry separation 
technique. The data shows t h a t  the  best  r e s u l t s  as far as  s u l k  reduction i s  
concerned was a t ta ined  using a s lur ry  and three  passes through the  magnet each 
with a re ten t ion  time of  30 seconds. 
obtained using both wet and dry separation methods. 

Table I1 is  a summary of the  s u l f k  reduction 

TABLE I1 - Sulf'ur Reduction (Percent) 

coal 

Indiana V 
Indiana V 
Indiana V 
Indiana V I  
Indiana VI 
Indiana V I  
I l l i n o i s  V 
I l l i n o i s  V 
I l l i n o i s  V 
I l l i n o i s  V I  
I l l i n o i s  V I  
I l l i n o i s  V I  

Total S Total S i n  Product 

4.63 3.00; 

4.63 3.78; 

4.17 2.45 
4.17 3.313 

4.63 3-30 

4.17 2 - 30, 

3.59 1.& 
3.59 2. la2 
3.59 2.87: 
1.98 1 .15  
1.98 1.29; 
1.98 1.57 

Inorganic S i n  
Product 

0.81 
1.11 
1.59 
0.10 
0.25 
1.01 
0.83 
0.99 
1.67 
0.21 
0.32 
o .61 

$Inorganic s i n  
Product 

67 
55 
25 
85 
78 
39 
65 
59 
30 
79 
69 
40 

1. Wet-three passes 2. 120 second retention 3. Dry-three passes 

One sample of Coal V from Indiana was pulverized so t h a t  90 percent of i ts  
p a r t i c l e s  passed 325; mesh and using 3 passes with 30 seconds re ten t ion  each, 93 
percent of the  py r i t i c  su l fu r  was removed. 
optimization of the  t e s t  conditions are now being car r ied  out i n  the authors 
laboratories.  In  addition t o  the  s u l k  reduction, ash reduction i s  being, 
measured. 
percent and i s  re l a t ed  t o  the  s ize  and d is t r ibu t ion  of the pyr i te  i n  the coal. 

Further t e s t s  on f ine  grinding and 

The l o s s  of coa l  i n  the magnetic f rac t ions  varied from s ix  t o  fourteen 

ECONOMICS 

Quinlan and Venhtesan (15) recently discussed the  economics of coal prepa- 
r a t ion  coal cleaning processes comparing j i g  versus heavy media plant c i r cu i t s .  
' k e  operating cost  of t h e  j i g  p lan t  was $0.85 per clean ton and fo r  t he  h;Fvy 
media c i r c u i t  $1.25 per clean ton. 
cap i t a l  cost of t he  j i g  c i r c u i t  was $6,000,000 and for  the heavy media c i r c u i t  

The capacity of  each was 500 TPH and ,,.ne 

$8,500,0oo. 

To design a cleaning c i r c u i t  to produce 500 TPH of coal would require five 
84 inch magnets. The c a p i t a l  cost  ( i n s t a l l ed )  would be approximately $8,000,000. 
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Amortization of ins ta l led  
separators over 10 years 
80,000 hrs. 
Magnet power (2000 
@26 laEd) 
-ping and Flushing 
Power (1000 @2# KWH) 
Labor 
W i n  t enanc e 
TGlYLL 

Cost per hour Cost per ton 500 TPH 
100.00 0.20 

40.00 0.08 

20.00 0.04 

15.00 
10.00 

185.00 

0.03 
0.02 
0.37 

The cost  per ton of magnetic cleaning i s  re la t ive ly  low compared with the 
other tvo methods ci ted.  
of the inorganic sulfur, the ash content of the  coal  would be subs tan t ia l ly  
reduced. A high percentage 3r <-,.he following impurities, i f  present, i n  addj t ion 
t o  pyr i te ,  would be removed magnetically because a l l  of these minerals and rocks 
have a mass suscept ib i l i ty  higher t h a n  p y r i t e  except Tor limestone: s ider i te ,  
limonite, ferrous an6 fer,E-?c su l fa te ,  limestone, c lay  and shale, and sand. 

In  addi t ion t o  t h e  poten t ia l  rexoval of 70 t o  90 percent 

Yich addi t ional  research and development work must be done t o  substant ia te  
.khc preliminary r e s u l t s  reported i n  t h i s  paper. 
i n  the  author 's  laborator ies  at  Indiana University. 
becoming the  major energy source i n  the United S ta tes  i n  t h e  foreseeable future ,  
magnetic cleaning of coal  looks as i f  it w i l l  be a viable  method of processing 
which can provide a low sulf'ur, low ash coal. 

Several s tudies  w e  underway 
With t h e  advent of coal  

CONCLUSIONS 

1. High Energy Magnetic F i l t r a t i o n  (HEW) i s  proven commercial process. 
2. Fine pulverization t o  l i b e r a t e  the  pyr i te  is  necessary before magnetic 

f i l t r a t i o n .  
3. Sijcty-live t o  ninety percent o f  the  inorganic sulfur can be removed from 

the coal  by HEMF processing a coal  s lurry.  
4. !?he estimated cost  per ton i s  lower than using a J i g  c i r c u i t  or heavy 

media c i r c u i t .  
5. The coal  product from t h e  HEME process w i l l  be r e l a t i v e l y  clean both 

from sulfur and ash content. 
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DESULFURIZATION OF COALS BY HIGH-INTENISTY HIGH-GRADIENT 
MAGNETIC SEPARATION: CONCEPTUAL PROCESS DESIGN AND COST ESTIMATION 
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BACKGROUND 

I t  i s  well-known t h a t  the m a i n  d i f f i c u l t y  in  increasing the u t i l i z a t i o n  of coal 
pollution problem, as the  emission level of s u l f u r  i n  the  United States  l i e s  in the 

oxides and ash par t ic les  from coal burning f a c i l i t i e s  a r e  being regulated by s t r i n a e n t  
environmental standards. Although the par t icu la te  emission s t a n d a r d  can general ly  be 
met by using e l e c t r o s t a t i c  prec ip i ta tors ,  there  apparently e x i s t s  no accepted technology 
f o r  control l ing the su l fur  oxide emissions from the f l u e  qases (28) .  Thus, there  has 
been a growing e f f o r t  recent ly  in developing ef fec t ive  and economical a1 te rna t ives  t o  
f lue  gas desulfur izat ion,  and one of the most a t t r a c t i v e  a l te rna t ives  i s  the pre- 
combustion cleaning of coal. Several new physical and chemical methods f o r  removing 
su l fur  and ash from coal pr ior  t o  i t s  combustion have already been proposed a n d  a r e  
current ly  under intensive fur ther  developments ( 4 ) .  An important physical method 
f o r  cleaning coal t h a t  appears t o  hold much promise i s  the wel l -es tabl ished m a y e t i c  
separation technique. Previous experimental invest igat ions have c l e a r l y  indicated t h a t  
most of the mineral impurities in  coal which contr ibute  t o  the  p y r i t i c  s u f l u r ,  the  
s u l f a t e  s u l f u r  and the  ash content a r e  a l l  paramagnetic. 
ash-forming minerals, i f  s u f f i c i e n t l y  l ibera ted  as d i s c r e t e  p a r t i c l e s ,  can normally 
be separated from the  pulverized diamagnetic coal by magnetic means (14,  16,  17, 31) .  
Indeed, the technical f e a s i b i l i t y  of the magnetic cleaning of coal has been demonstrated 
in a number of previous s t u d i e s ,  with substant ia l  amounts of s u l f u r  and ash removal 
reported (18, 19) .  

with the introduction 
high-gradient magnetic separation (HGMS) . 
1969 f o r  the wet cleaning of feebly magnetic contaminants from kaolon clay (9,10,22,23 
25). 
The electromagnet s t ruc ture  cons is t s  of the energizing c o i l s  and the  surrounding i ron 
enclosure. The c o i l s  i n  t u r n  enclose a cy l indr ica l ,  highly magnetized working volume 
packed w i t h  f ine  strands of s t rongly ferromagnetic packin? mater ia ls  such as  f e r r i t i c  
s t a i n l e s s  s tee l  wools. 
gauss can be generated and uniformly d is t r ibu ted  throughout the  working vol ume. 
Furthermore, because of the placement in  the  uniform f i e l d  the ferromagnetic packing 
mater ia ls  which increase and d i s t o r t  the f i e l d  in  t h e i r  v i c i n i t y ,  l a rge  f i e l d  gradients  
of the order of kilo-gauss/micron can be produced. 
c l a y ,  the  HGMS unit i s  employed i n  a batch o r c y c l i c a l l y  operated process l i k e  a f i l t e r . .  
The kaolin feed containing the  low-concentration feebly magnetic contaminants i s  pumped 
through the  s t a i n l e s s  s t e e l  wool packing or matrix of the  separator  from t h e  bottom 
while the magnet i s  on. The magnetic mater ia ls  (mags) a r e  captured and retained inside 
the separator  matrix; and the  nonmagnetic components ( t a i l s )  pass t h r o u g h  t h e  separator  
matrix and a r e  col lected as the  beneficiated products from the top of the  magnet. 
After  some time period of operation, the separator  m a t r i x  i s  f i l l e d  t o  i t s  loading 
capacity. The feed i s  then stopped and the separator  matrix i s  rinsed with water. 
Final ly ,  the magnet i s  turned o f f ,  and the  mags retained inside the separator  matrix 
are  backwashed with water and col lected.  

These sulfur-bear ing and 

During the past few years ,  the magnetic cleaning of coal has been given new impetus 

The HGMS technology was developed around 

A typical HGMS u n i t  i n  t h i s  wet appl icat ion i s  shown schematically as Figure l ( a ) .  

of a new level  of maanetic separation technology, t he  high-intensity 

With t h i s  design, an intense f i e l d  in tens i ty  u p  t o  20 k i lo-  

In the wet beneficiat ion of kaolin 

The whole procedure i s  repeated i n  a c y c l i c  
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fash ion.  I n  genera l ,  i f  t h i s  batch process i s  employed i n  o t h e r  wet a p p l i c a t i o n s  
where the magnetic m a t e r i a l s  occupy a l a r g e  f r a c t i o n  o f  t h e  f e e d  stream, t h e  down 
t ime  f o r  backwashing w i l l  be considerable,  p o s s i b l y  n e c e s s i t a t i n q  t h e  use o f  one 
o r  more back-up separa to rs .  To overcome t h i s  problem which i s  i n h e r e n t  t o  batch 
operat ions,  a con t inuous  process employina a moving m a t r i x  HGMS u n i t ,  c a l l e d  the  
Carousel separator ,  has been proposed (10, 22, 23, 25) as shown schemat i ca l l y  i n  
F igu re  l ( b ) .  A number o f  p i l o t - s c a l e  s t u d i e s  o f  t h e  wet b e n e f i c a t i o n  o f  k a o l i n  
c l a y  and i r o n  ores u s i n g  t h e  Carousel separa to r  have been repo r ted  (23 ) .  

Because o f  t he  v e r y  l o w  c o s t s  and the  ou ts tand ing  t e c h n i c a l  performance o f  
t h e  HGMS demonstrated i n  t h e  k a o l i n  a p p l i c a t i o n ,  t h e  HGMS was r e c e n t l y  adapted to  
the  removal o f  s u l f u r  and ash f rom a f i n e l y  p u l v e r i z e d  B r a z i l i a n  Coal suspended 
i n  water i n  a bench-scale e x p l o r a t o r y  s tudy (31 ) .  
u t i l i z e d  p i l o t - s c a l e  HGMS u n i t s  f o r  the d e s u l f u r i z a t i o n  and deashing o f  water s l u r r i e s  
o f  some Eastern U.S. Coals. Fo r  instance,  r e s u l t s  f rom p i l o t - s c a l e  s t u d i e s  t h a t  
demonstrated t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  magnetic separa t i on  o f  s u l f u r  and 
ash from water  s l u r r i e s  o f  p u l v e r i z e d  I l l i n o i s  No. 6, I nd iana  No. 5 and No. 6, and 
Kentucky No. 9/14 c o a l s  have been pub l i shed  (16, 17, 21) .  
q u a n t i t a t i v e  e f f e c t s  o f  res idence  t ime,  f i e l d  i n t e n s i t y ,  pack ing m a t e r i a l  and dens i t y ,  
s l u r r y  concen t ra t i on  and r e c y c l e  on t h e  grade and recove ry  o f  t h e  magnetic separa t i on  
o f  s u l f u r  and ash f rom water  s l u r r y  o f  p u l v e r i z e d  I l l i n o i s  No. 6 coal have been 
es tab l i shed  e x p e r i m e n t a l l y  and can be p r e d i c t e d  reasonably  by an a v a i l a b l e  magnetic 
f i l t r a t i o n  model (16, 17 ) .  Depending upon t h e  types o f  coa ls  used and t h e  separa t i on  
cond i t i ons  employed, t h e  e x i s t i n g  bench-scale and p i l o t  s c a l e  r e s u l t s  have a l ready  
shown t h a t  t he  use o f  s inq le -pass  HGMS was e f f e c t i v e  i n  reduc ing  t h e  t o t a l  s u l f u r  
by 40-55%, t h e  ash by 35-45%, and t h e  p y r i t i c  s u l f u r  by 80-90%; w h i l e  achiev inq 
a maximum recovery o f  abou t  95% (19 ) .  These a v a i l a b l e  r e s u l t s  have a l s o  i n d i c a t e d  
t h a t  both the  grade and recove ry  o f  t h e  separa t i on  can be g e n e r a l l y  enhanced wi th  the 
use o f  l a r g e r  s e p a r a t o r  m a t r i x  o r  by the r e c y c l e  o f  t h e  t a i l  products .  
rev iew o f  t h e  r e p o r t e d  r e s u l t s  on t h e  magnetic c l e a n i n g  o f  p u l v e r i z e d  coa ls  i n  water 
s l u r r i e s  can be found i n  t h e  l i t e r a t u r e  (18,19). An impor tan t  p o i n t  t o  be made 
here i s  t h a t  these p u b l i s h e d  da ta  and o t h e r  r e c e n t  analyses (3,4,7,19,24,29,30) 
have i n d i c a t e d  t h a t  a s i a n i f i c a n t  p o r t i o n  o f  t h e  U n i t e d  S ta tes  coal  reserve,  low 
enough i n  o r g a n i c  s u l f u r ,  can be magne t i ca l l y  cleaned f o r  use as an env i ronmen ta l l y  
acceptable, low s u l f u r  f u e l .  It has been es t ima ted  t h a t  a t o t a l  o f  100 m i l l i o n  
s h o r t  tons o f  U.S. c o a l s  p e r  y e a r  may be m a g n e t i c a l l y  cleaned. Th is  amounts t o  
ove r  17% o f  the t o t a l  U.S. p r o d u c t i o n  p e r  y e a r  (19) .  Although t h e  e x i s t i n g  data 
have n o t  y e t  e s t a b l i s h e d  t h e  t o t a l  deashing by magnetic means, t h e r e  a re  some 
i n d i c a t a t i o n s  t h a t  by o p t i m i z i n g  t h e  separa t i on  c o n d i t i o n s ,  and enhancing the  magnetism 
o f  ash-forming m i n e r a l s ,  e t c . ,  f u r t h e r  improvement i n  the  e f fec t i veness  o f  magnetic 
separat ion o f  ash f rom coal  can be made (19 ) .  

HGMS technique c o u l d  se rve  as a s i g n i f i c a n t  ad junc t  t o  coa l  l i q u e f a c t i o n  processes. 
I n  p a r t i c u l a r ,  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  adapt ing t h e  HGMS as an a l t e r n a t i v e ,  
e f f e c t i v e  m ine ra l  r e s i d u e  separa t i on  method as compared t o  t h e  convent ional  p recoa t  
f i l t r a t i o n  i n  t h e  s o l v e n t  r e f i n e d  coal  (SRC) process has a l ready  been demonstrated 
i n  t h e  bench-scale, e x p l o r a t o r y  s tudy  done a t  Hydrocarbon Research, I nc .  (HRI). The 
HGMS was e f f e c t i v e  i n  removing up t o  90% o f  t h e  i n o r q a n i c  s u l f u r  f rom the  l i a u e f i e d  

.SRC f i l t e r f e e d  s l u r r y  of I l l i n o i s  No. 6 coa l ,  and about h a l f  o f  t h e  experimental runs 
conducted by HRI i n d i c a t e d  over  87% i n o r g a n i c  s u l f u r  removal (8,19,26). I n  general,  
t he  work done by H R I  showed t h a t  t h e  HGNS was l e s s  e f f e c t i v e  i n  ash removal, b u t  d i d  
remove 25 t o  35% o f  t h e  ash. Q u i t e  r e c e n t l y ,  a p i l o t - s c a l e  HGMS system f o r  the 
removal o f  m ine ra l  r e s i d u e  from t h e  l i q u e f i e d  coa l  has been designed and cons t ruc ted  
by the  authors (17) .  T y p i c a l  r e s u l t s  from experiments conducted w i t h  the  l i q u e f i e d  
SRC f i l t e r  feed s l u r r y  o f  Kentucky No. 9/14 coa l  have been q u i t e  encouraaing. 

Other  i n v e s t i g a t o r s  l a t e r  

I n  p a r t i c u l a r ,  t he  

F u r t h e r  d e t a i l e d  

Recent s t u d i e s  (8,16-19, 26) have a l s o  suggested t h a t  coa l  c l e a n i n g  by t h e  
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indicat ing tha t  the HGMS could reduce the  t o t a l  s u l f u r ,  ash and p y r i t i c  s u l f u r  
contents by as h i g h  as 70, 76 and 95%, respect ively.  
above bench sca le  and p i lo t - sca le  invest igat ions have a l so  showed t h a t  an even 
greater  deashing of the l iquefied SRC f i l t e r  feed can be achieved by improved 
separation conditions. 
technical implications can be found in  the  l i t e r a t u r e  (19,26). Furthermore, a 
c lose  examination of the inherent physical and chemical c h a r a c t e r i s t i c s  of the 
hydrogenated product pr ior  t o  the f i l t r a t i o n  s tep  i n  t h e  SRC and o ther  re la ted  
l iauefact ion processes wil l  indicate  t h a t  the  HGMS m y  be developed as a prac t ica l ly  
appl icable  mineral res idue separation method. 
reaction will generally reduce a major  portion of the p y r i t i c  s u l f u r  t o  the  hiphly 
magnetic pyrrhot i te ;  and the sulfur-bear ing and ash-forming minerals tend t o  be 
more eas i ly  l iberated from the dissolved organic components in  the  f i l t e r  feed 
s lur ry  when compared t o  the case of pulverized coal suspended i n  water. 
the  typical  mean p a r t i c l e  s i z e  o f  the  SRC f i l t e r  feed sample i s  often l e s s  t h a n  
5 microns, which d ic ta tes  the use o f  methods capable of  handling micron-size 
mater ia ls  l i k e  the  HGMS. All of these fac tors  seem t o  suggest t h a t  t h e  s i g n i f i c a n t  
potent ia l  of u t i l i z i n g  the HGMS f o r  removing t h e  mineral residues from l iquef ied  coal .  
For cer ta in  types of coals ,  i t  has been pointed o u t  t h a t  even without f u r t h e r  
enhancement of the magnetic removal of ash, the magnetically cleaned SRC would be 
acceptable f o r  use as  a feed t o  boi lers  which already have e l e c t r o s t a t i c  prec ip i ta tors  
(34) .  This follows because the  cos t  of so l id- l iqu id  separat ion in  coal l iquefac t ion  
i s  generally subs tan t ia l ,  and the moderately low-ash SRC should be less  expensive 
(2,26, 34). 
of l iquefied coal based on the  laboratory data obtained by HRI seems t o  support t h i s  
observation ( 2 6 ) .  

f e a s i b i l i t y  of the magnetic desulfur izat ion of both wet and l iquefied coals  h a s  
been well es tabl ished.  Recently, there  have been several estimates of the costs  of 
magnetic desulfur izat ion reported in  the  l i t e r a t u r e  (9,20,21,24,26,31). 
of the simplifying assumptions involved as well as the technical  performance specif ied 
and the estimation methods used i n  these analyses ,  however, most of them seem t o  be 
somewhat approximate i n  nature. 
s tud ies  of su l fur  and ash removal from both wet and l iquefied coals by t h e  HGMS 
a r e  used t o  design conceptual processes f o r  magnetic desulfur izat ion of coa ls .  
Estimates of magnetic desulfur izat ion c h a r a c t e r i s t i c s  and conceptual process 
requirements, as well a s  i n s t a l l a t i o n  and processing cos ts  a r e  determined. In 
p a r t i c u l a r ,  the extents  t o  which the  processing conditions can a f f e c t  the  magnetic 
desulfur izat ion cos ts  a re  t o  be examined. 
on the possible impact of fu ture  process improvements. 
compared w i t h  other  approaches t o  the desulfur izat ion of coals (2 ,4 ,15,27,33) .  

Available data  from the 

A de ta i led  discussion of these r e s u l t s  along with t h e i r  

I t  i s  known t h a t  the hydroqenation 

Furthermore, 

Indeed, a preliminary cost  estimation of the  magnetic desulfur izat ion 

The preceding discussion has indicated t h a t  the  s c i e n t i f i c  and technical  

Because 

In this paper, t h e  l a t e s t  data  from p i l o t - s c a l e  

The l a t t e r  wi l l  provide some indicat ions 
F ina l ly ,  the  r e s u l t s  are  

MAGNETIC DESULFURIZATION OF COAL/WATER SLURRY: PROCESS AND COSTS 

A conceptual process f o r  the magnetic desulfur izat ion of pulverized coal 
suspended in water by the HGMS i s  shown schematically in Figure 2 .  
of a f ixed concentration i s  prepared f i r s t  by mixing known amounts of pulverized 
coa l ,  water and a dispersant  (wetting agent) l i k e  Alconox. 
here i s  the  la rges t  commercial u n i t  now in use f o r  producing h i g h  qua l i ty  paper 
coating clays.  
in  an open volume of 7-fOOt in  diameter and 20-inch i n  length.  
separator  matrix of 94% v o i d  i s  placed in the open volume. 
through the energized separator  matrix a t  a f ixed residence time (flow ve loc i ty)  
unt i l  the  matrix reaches i t s  loading capaci ty .  
sen t  to  a s e t t l i n g  pond o r  a c l a s s i f i e r  f o r  recovering water f o r  re-use. 
a r e  co l lec ted ,  dewatered and dr ied.  

A coal s l u r r y  

The HGMS u n i t  employed 

I t  i s  operated a t  a f ixed f i e l d  i n t e n s i t y  o f  20 kilo-Fauss generated 
A s t a i n l e s s  s tee l  wool 

The coal s l u r r y  i s  pumped 

After r inse  with water, the  mags a re  
The t a i l s  
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By removing 80 t o  90% of t h e  p y r i t i c  s u l f u r  magnetically and achieving a 
recovery o f  85 t o  90% as was demonstrated from the r e s u l t s  of reported s tudies  
of magnetic desu l fur iza t ion  of pulverized coals in water s l u r r i e s  (16-19,21 ,31) ,  the  
process can be used f o r  t h e  cleaning of about one- f i f th  of the recoverable U.S. coals 
with a low organic s u l f u r  content of 0.7 t o  0.9 W t %  as an environmentally acceptable 
f u e l .  A detai led documentation of the  reserve and production of U.S. coals which 
may be magnetically c leanable  t o  1 W t %  t o t a l  s u l f u r  according t o  the Seam, d i s t r i c t  
and county in each s t a t e ,  along with the  t o t a l  and organic s u l f u r  contents  can be 
found in  the l i t e r a t u r e  ( 7 ) .  Here, a reasonable range of add-on costs  (excluding 
those f o r  grinding, dewatering and drying) can be estimated f o r  the  wet maqnetic 
cleaning o f  coal s l u r r i e s  designed t o  achieve the  s imi la r  desulfur izat ion 
charac te r i s t ics  as  reported i n  the  recent s tud ies  (16-19,21,31). The method used 
f o r  estimating t h e  costs  of magnetic desulfur izat ion was based on the  technique 
employed by the Federal Power Conmission Synthetic Gas-Coal Task Force in t h e i r  
repor t  on synthet ic  gas ( 2 , 5 ) .  The investor  c a p i t a l i z a t i o n  method used i n  t h i s  
approach was the discount cash flow (DCF) financing method with assumed DCF ra tes  of 
re turn such as 15% a f t e r  tax. 
revenue during the  plant  l i f e  which will generate a DCF equal t o  the t o t a l  capi ta l  
investment f o r  t h e  plant .  Several major assumptions were included i n  the method 
(2 ,5 ) :  ( a )  The plant  l i f e  was assumed t o  be 20 years  w i t h  no cash value a t  the end 
of l i f e .  ( b )  A s t r a i g h t - l i n e  method was used t o  ca lcu la te  the annual depreciation. 
( c )  Operating cos ts  and working capi ta l  requirements were assumed t o  be constant 
during the plant  l i f e .  
of  cap i ta l  durinq the construct ion period and 100% equity capi ta l  was assumed. 
( e )  Total plant investment, re turn on investment during the plant  l i f e  and working 
capi ta l  were t rea ted  as c a p i t a l  costs  in year  zero (the year  ending with the completion 
of s ta r t -up  operat ions) .  ( f )  Star t -up costs  were t rea ted  as  an expense in  year  zero. 
( 9 )  48% federal income t a x  was assumed. Based on these  assumptions, equations f o r  
calculat ing the uni t  cos ts  ( $  per ton coal processed annually) can be suggested from 
t h e  referenced documents (2 ,5) .  
f u r t h e r  cost information used i n  the  present estimation is q i v e n .  Note t h a t  the 
cos ts  of major i n s t a l l e d  equipments and the uni t  cos ts  l i s t e d  i n  Table 1 were based on 
t h e  values o f  June 1976. For  ins tance ,  the costs  o f  pump and tank used were estimated 
f i r s t  accordinq t o  reference 6 and then brouqht them u p  to  date  by multiplying a C E  
p lant  cost  index r a t i o  of (205/113.6); while the cos t  of the  i n s t a l l e d  HGMS u n i t  with 
a separator matrix of 7-foot diameter and 20-inch length was estimated t o  be 1.936 
mil l ion ( 1 1 ) .  

The estimated capi ta l  investments and uni t  cos ts  f o r  four  typical  cases ,  designed 
a s  A - D ,  a re  summarized i n  Table 2.  Slurry ve loc i t ies  of 2.61 and 4.0 cm/sec, s lur ry  
concentrations o f  15,25 and 35Wt%, as well as separat ion duty cycles from 59.0 
t o  77.9% have been considered. These separat ion conditions a r e  s imi la r  t o  those used 
i n  the  l a t e s t  p i lo t - sca le  invest igat ions reported (16-19,21,31). The resu l t s  shown 
i n  t h i s  table  c lear ly  i l l u s t r a t e  the  e f f e c t s  of s l u r r y  veloci ty  and concentration, as 
well a s  separation duty cycle .  For instance,  t h e  comparison of cases A-C shows 
t h a t  a t  the same s lur ry  ve loc i ty  and s imilar  magnetic desulfur izat ion charac te r i s t ics ,  
t h e  higher the s l u r r y  concentrat ion,  the cheaper will be the  investment a n d  un i t  costs .  
While t h i s  observation i s  t o  be expected, i t  i s  worthwhile t o  mention t h a t  there  have 
been p i lo t - sca le  t e s t i n g  data  which ind ica te  the f a c t  t h a t  increasing the s lur ry  
concentration o f  pulverized I l l i n o i s  No. 6 coal from 2.57 t o  28.4 W t %  did n o t  appreciably 
change the grade a n d  recovery o f  the  separat ion.  
condi t ions,  a s  well as  operat ing and cos t  f a c t o r s ,  e t c .  on  the uni t  costs  a re  i l l u s t r a t e d  
i n  Table 3. 
per cycle  r e l a t i v e  t o  a f ixed  amount of s t a i n l e s s  s t e e l  wools packed in  the separator  
matrix, a reduction of t h e  uni t  cost  by about 15% can be achieved. This r e s u l t  shows 
the  importance of the separa tor  matrix loading c h a r a c t e r i s t i c s  on the  costs  Of 
maqnetic desulfur izat ion.  
i s  the  washing time required in a complete separat ion cycle .  This can be i l l u s t r a t e d  
by comparing items 4 and 6 i n  Table 3. I n  p a r t i c u l a r ,  the computed r e s u l t s  indicate  

This method e s s e n t i a l l y  determines the  annual 

(d)  The current  value of  the  investment included the cos t  

They a r e  summarized in  Table 1 ,  in which some 

Further e f f e c t s  of processing 

I t  i s  seen from the t a b l e  tha t  by doubling the amount of coal processed 

Another f a c t o r  which a f f e c t s  the u n i t  costs  considerably 
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t h a t  doubling the amount of washing water required only leads t o  a negl ig ib le  increase 
(0.27 t o  0.60 % )  in unit costs .  However, i f  b o t h  the amounts of washing water and the 
washing time are  doubled, the  uni t  costs  a r e  increased by about 15%. 
observations c lear ly  suggest the important economic incent ive f o r  f u r t h e r  p i lo t - sca le  
invest igat ions of the  separator  matrix loading and washing charac te r i s t ics  in  the  
magnetic desulfur izat ion of coal/water s l u r r y .  F ina l ly ,  item 7 of Table 3 shows t h a t  
labor  cost  seems t o  be a s i g n i f i c a n t  f rac t ion  of t h e  u n i t  cos t .  
not expected tha t  the labor  requirement i s  t o  be doubled i n  actual commerical pract ice  
from the nominal case in  Table 2.  
the  commercial cleaning of kaolin c lays  by the HGMS indica te  t h a t  the labor  requirements 
i n  both operation and maintenance a r e  minimum (9,23) .  

I n  Table 4 ,  the estimated costs  of magnetic desu l fur iza t ion  a r e  expressed i n  terms 
Of t h e  capi ta l  and uni t  cos ts  per ton coal processed annually, and compared with the 
r e s u l t s  of t h i s  study. 
estimates for  kaolin benefication by t h e  A t  a residence 
time Of 0.5 minute, the coal feed r a t e  t o  a commercial HGMS u n i t  of a separator  
matrix of 7-foot diameter and 20-inch length was s e t  a t  100 tons per h o u r  by Murray. 
This r a t e  appears t o  be higher than t h a t  expected in the commercial p rac t ice .  
addi t ion ,  the costs  of labor  a n d  maintenance per HGMS u n i t  were estimated by Murray t o  
be 1 and 2 $ per hour, respect ively.  
those reported in reference 9. Consequently, the cos ts  estimated by Murray shown 
in  Table 4, especial ly  the uni t  cos t  Uo (0.37$ per ton processed annual ly) ,  a r e  
believed t o  be lower than the  actual cos ts .  Next, while the costs  estimated by 
Oder ( 2 4 )  seem t o  be r e l a t i v e l y  comparable t o  those obtained i n  this  s tudy,  i t  
appears t o  be d i f f i c u l t  t o  ident i fy  c lear ly  the differences in  b o t h  es t imates .  
follows because the spec i f ic  d e t a i l s  regardinq the cos ts  of major i n s t a l l e d  equipments, 
cycle  time, and washing time, e t c .  were not reported in reference 24. 
cos ts  estimated by Trindade (31) a r e  a l so  believed t o  be lower than the actual  cos ts .  
Note t h a t  in the cost  estimation by Trindade, the Carousel separator  was taken as the 
desired HGMS uni t ,  although there  have n o t  y e t  been any t e s t i n g  data reported o n  the 
magnetic desulfur izat ion of coal/water s l u r r y  using the Carousel separator .  Only 
the separator  cost  was included as  the capi ta l  cos t  i n  t h e  analysis  by Trindade, and i t  
was about one-half of the cos t  of i n s t a l l i n g  an equivalent  cyc l ic  HGMS uni t .  
led t o  the re la t ive ly  low capi ta l  investment per ton coal processed, 0.82 t o  1.64 6, 
estimated by Trindade a s  shown in Table 4 .  
estimation method used by Trindade will general ly  lead t o  lower u n i t  c o s t s .  
instance,  by using Trindade's method, the u n i t  cos t  U obtained i n  t h i s  work a t  a 
s l u r r y  veloci ty  of 2.61 cm/sec shown i n  Table 4 wil l  !e decreased from 1.06 t o  0.85 $ 
per ton coal processed annually. 

An approximate comparison of estimated capi ta l  and uni t  costs  of d i f f e r e n t  
p y r i t i c  su l fur  removal processes current ly  under a c t i v e  developments (1,4,15,33) i s  
given in Table 5. With the exception of t h e  MAGNEX process ( 1 5 ) ,  a l l  the approaches 
l i s t e d  in Table 2 a r e  wet processes, thus requir ing r e l a t i v e l y  comparable dewatering 
and drying costs .  This t a b l e  ind ica tes  t h a t  the cos ts  of wet magnetic desulfur izat ion 
by the HGMS apparently appear t o  be a t t r a c t i v e  when compared t o  those of o ther  
approaches, even a f t e r  adding the necessary costs  o f  grinding,  dewatering and drying. 
However, i t  should be emphasized t h a t  the  above comparison i s  only an approximate one, 
because of the difference in  the methods used in estimatinq the  costs  and  i n  the 
desulfur izat ion charac te r i s t ics  reported, e t c .  Based on the  ava i lab le  cos t  information 
on these p y r i t i c  su l fur  removal processes (1 ,4 ,15,33) ,  i t  i s  not ye t  possible  t o  carry 
o u t  a rigourous comparison. 

The above 

Fortunately,  i t  i s  

This follows because t h e  ex is t ing  experience i n  

The costs  given by Murray (21) were based on the  ex is t ing  cos t  
HGMS given in reference 9. 

In 

These costs  a l s o  appear t o  be lower than 

This 

F ina l ly ,  the 

This 

I t  may also be noted t h a t  the  cost  
For  

MAGNETIC DESULFURIZATION OF LIQUEFIED COAL: PROCESS AND COSTS 

A flow diagram f o r  the conceptual process f o r  removina the  mineral residue from 
the l iquefied SRC by the HGMS i s  shown i n  Figure 3. The HGMS uni t  used here i s  the 
same comnercial separator  employed in the desulfur izat ion of coal/water s l u r r y .  The 
magnetic desulfur izat ion of the l iquefied SRC i s  t o  be conducted a t  e levated temperature 
t o  reduce the viscosi ty  of the coal s l u r r y .  Furthermore, the packed s t a i n l e s s  s t e e l  
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wool m a t r i x  i s  a l s o  t o  be heated up t o  t h e  d e s i r e d  s e p a r a t i o n  temperature d u r i n g  
opera t ion .  The e l e v a t e d  temperature i n  t h e  m a t r i x  w i l l  p revent  t h e  coa l  s l u r r y  
from congea l ing  and p l u g g i n g  t h e  m a t r i x .  
p o r t i o n  o f  t h e  m a t r i x  from t h e  magnet w ind ings .  The i n s u l a t e d  m a t r i x  i s  f u r t h e r  
surrounded by a water  j a c k e t .  These p r o v i s i o n s  f o r  heat ing ,  i n s u l a t i n g  and c o o l i n g  
t h e  separa tor  m a t r i x  s l i g h t l y  reduce t h e  a c t u a l  work ing  volume o f  s e p a r a t o r  m a t r i x  
f rom 7 - foo t  t o  6 '10 "  i n  d iameter .  I n  a c t u a l  s e p a r a t i o n  runs ,  t h e  u n f i l t e r e d  
l i q u e f i e d  SRC i s  pumped th rough t h e  energ ized separa tor  a t  a cons tan t  f l o w  r a t e  u n t i l  
t h e  separa tor  m a t r i x  reaches i t s  l o a d i n g  l i m i t .  A f t e r  r i n s e  w i t h  a process 
generated s o l v e n t ,  t h e  m a t r i x  i s  backwashed w i t h  t h e  same s o l v e n t  w i t h  the  magnet 
de-energized. The mags a r e  s e n t  t o  a hydroc lone separa tor .  The o v e r f l o w  from the  
hydroclone i s  r e c y c l e d  back t o  t h e  wash s o l v e n t  t a n k  f o r  re-use; w h i l e  t h e  underf low 
i s  sent  t o  an evapora tor  t o  recover  t h e  s o l v e n t ,  and t h e  res idua l  s o l i d s  a r e  packed 
f o r  o t h e r  uses. The t a i l s  f rom t h e  s e p a r a t o r  a re  s e n t  t o  a vacuum column t o  recover 
t h e  s o l v e n t  f o r  process r e c y c l e  and t h e  vacuum bottom i s  s e n t  t o  a p roduc t  c o o l e r  t o  
produce t h e  s o l i d i f i e d  SRC. 

and m a t r i x  l o a d i n g  observed by H R I  f o r  s l u r r y  v e l o c i t i e s  v a r i e d  f r o m  0.25 t o  14.0 
cm/sec ( 8 ) .  
those s l u r r y  v e l o c i t i e s  a r e  summarized as t h e  f i r s t  t h r e e  rows o f  Tab le  6. Note 
t h a t  accord ing  t o  t h e  survey o f  t h e  s u l f u r  r e d u c t i o n  p o t e n t i a l  o f  455 U.S. coa l  samples 
conducted by t h e  Bureau o f  Mines, t h e  average t o t a l  and i n o r g a n i c  s u l f u r  con ten ts  
a re  3.02 and 1.91 W t % ,  r e s p e c t i v e l y  ( 3 ) .  Thus, i f  t h e  hydrogenat ion  s t e p  i n  
t h e  SRC and o t h e r  r e l a t e d  l i q u e f a c t i o n  processes can remove 70% o f  t h e  organ ic  s u l f u r ,  
a r e d u c t i o n  o f  t he  i n o r g a n i c  s u l f u r  c o n t e n t  by  about 67% a f t e r  t h e  hydrogenat ion w i l l  
be s u f f i c i e n t  f o r  p roduc ing  a SRC w i t h  an emiss ion  l e v e l  s m a l l e r  than 1.20 l b  SO / 
m i l l i o n  But, assuming t h a t  t h e  SRC has a h e a t i n g  va lue  o f  16,000 B t u / l b .  By us i zg  t h e  
same method f o r  cos t  e s t i m a t i o n  summarized i n  Table 1 w i t h  t h e  except ion  of r e p l a c i n g  
t h e  d i s p e r s a n t  by steam w i t h  a nominal c o s t  o f  2$/1000 l b ,  t h e  es t imated  c a p i t a l  
investments and u n i t  c o s t s  f o r  t h e  conceptual  process a r e  presented i n  Tab le  6. 
Here, the  c o s t s  o f  majored i n s t a l l e d  equipments have i n c l u d e d  those o f  t h e  HGMS u n i t ,  
wash s o l v e n t  tank ,  f e e d  surge tank, f e e d  pump, f l u s h  pump and evaporator,  e t c .  I n  
Table 7, t he  e f f e c t  o f  steam p r i c e  on t h e  u n i t  c o s t  Up o f  magnetic d e s u l f u r i z a t i o n  of 
l i q u e f i e d  coa l  i s  i l l u s t r a t e d .  I t  i s  seen t h a t  d o u b l i n g  t h e  steam p r i c e  w i l l  i nc rease 
t h e  u n i t  c o s t  Uo by 3 t o  32% i n  t h e  range o f  s l u r r y  v e l o c i t i e s  considered. A S  steam 
i s  ma in ly  used i n  t h e  process i n  c o n j u n c t i o n  w i t h  t h e  evapora tor  f o r  r e c o v e r i n g  
t h e  wash s o l v e n t ,  t h i s  comparison a l s o  i m p l i e s  t h a t  t h e  h i g h e r  t h e  process throughput,  
t h e  more expensive w i l l  be t h e  o p e r a t i n g  c o s t  f o r  s o l v e n t  recovery.  F i n a l l y ,  an 
approximate comparison o f  t h e  c a p i t a l  investments and u n i t  cos ts  o f  severa l  s o l i d -  
l i q u i d  s e p a r a t i o n  methods, i n c l u d i n g  precoat  f i l t r a t i o n ,  c e n t r i f u g a t i o n ,  s o l v e n t  
p r e c i p i t a t i o n  and HGMS, i s  g i v e n  i n  T a b l e  8 ( 2 ) .  T h i s  t a b l e  shows t h a t  a l though the  
precoat  f i l t r a t i o n  and t h e  s o l v e n t  p r e c i p a t i o n  can g e n e r a l l y  meet t h e  s t r i n g e n t  
environmental  standards f o r  bo th  s u l f u r  and ash, t h e  cos ts  o f  these methods,are more 
expensive t h a n  those f o r  the.HGMS. 
f o r  us ing  t h e  m a g n e t i c a l l y  c leaned SRC as a feed t o  b o i l e r s  which a l r e a d y  have 
e l e c t r o s t a t i c  p r e c i p i t a t o r s .  Obv ious ly ,  a d d i t i o n a l  development work i s  needed t o  
firmly suppor t  t h i s  o b s e r v a t i o n .  

I t  i s  a l s o  necessary t o  i n s u l a t e  t h e  heated 

The conceptual  p rocess  i s  designed t o  ach ieve  t h e  same e x t e n t s  o f  i n o r g a n i c  s u l f u r  

The s p e c i f i c  magnet ic d e s u l f u r i z a t i o n  c h a r a c t e r i s t i c s  corresponding t o  

Thus, t h e r e  seems t o  be some economic i n c e n t i v e  

CONCLUSIONS 

I n  t h i s  paper, t h e  l a t e s t  d a t a  f rom p i l o t - s a c l e  s t u d i e s  o f  s u l f u r  and ash removal 
from bo th  p u l v e r i z e d  c o a l s  suspended i n  water s l u r r i e s  and l i q u e f i e d  SRC coa l  by t h e  HGMS 
haye beeo=used t o  d e s i g n  conceptual  processes f o r  t h e  d e s u l f u r i z a t i o n .  
magnet ic d e s u l f u r i z a t i o n  c h a r a c t e r i s t i c s  and conceptual  process requirements,  as we l l  as 
i n s t a l l a t i o n  and process ing  c o s t s  have been determined. 
magnetic d e s u l f u r i z a t i o n  appears t o  be a t t r a c t i v e  when compared t o  o t h e r  approaches f o r  
t h e  d e s u l f u r i z a t i o n ,  i n  terms o f  c o s t s  and performance. 

Est imates of 

The r e s u l t s  i n d i c a t e  t h a t  t he  
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Table 1 

Basis f o r  Estimating the U n i t  Costs o f  
Magnetic Uesui tur izat ion o t  Loai/water blurry @,5,6,11) 

A. Investment Costs: 

1 .  Costs of Major Ins ta l led  Equipments: 
HGMS u n i t ,  pump,  tank,  e t c .  

2 .  Add 20% Continqency 
Total Investment, I $ 

B. Operating Costs: 

1 .  Dispersant (576/1 b) 
2 .  E lec t r ic  Power ( Z Q / K W H )  
3. Water (3t/100Dgal) 
4. Operating Labor (men/shift x 8304 man-hourslyear x 6.5$/man-hour) 
5. Maintenance Labor (1.5% of investment c o s t )  
6. Supervision (15% of operat ing and maintenance labor  cos ts )  
7.  Operating Supplies (30% o f  operating labor  'cost) 
8. Maintenance Suoplies (1.5% o f  investment c o s t )  
9. Local Taxes and' Insurance (2.7% of investment c o s t )  

Annual Net Operating Cost, N $ 
Coal Processed Annually, G tons 

C. U n i t  Costs ( $/ton coal processed annually): 

1 .  Based on 0% DCF Rate of Return, Uo = (N+0.05I)/G 
2. Based on 15% DCF Rate o f  Return, 
3. Based on Capital Amortization over 

20 Years a t  10% I n t e r e s t  Rate, 

U15 = (N+0.34749I)/G 

U = (N+0.117461)/6 



Table 2 

1. 
2. 
3. 
4. 
5. 
6. 

7. 

8 .  

Cost o f  Desulfurization o f  CoallWater Slurry by HGMS 
Using Separator Matrix of 7-FOOt Diameter and 20-Inch Length_ 

Case A Case B Case C Case D - -__ - -- 
Slurry Velocity, cm/sec 2.61 2,61 2.61 4.0 
Slurry Concentration, Wt% 15 25 35 25 
Coal Feed Rate, ton/hr 44.77 66.13 83.07 89.61 
Cycle Time, minute 9.00 6.10 4.85 4.50 
Duty Cycle, % 77.9 67.4 59.0 59,6 
Tons o f  Coal Processed 
Per Cycle 4 03 403 403 403 
Unit Costs, $ Per Ton 
Coal Processed Annually 

U 2.083 1.401 1.109 1.067 

"0 1.802 1.063 0,858 0.829 

"1 5 3,676 2.479 1.967 1.880 
Capital Investment Per 
Ton Coal Processed 
Annually, $ 6.93 4.69 3.73 3.53 

Basis: 

(1) Amount of coal processed per cycle=7 times weight of stainless steel wool 

(2)  Amount of rinse water required per cycle=1.5 times volume of separator matrix 

( 3 )  Amount of wash water required per cycle=7 times volume of separator matrix 
( 4 )  Velocity of rinse water=velocity of  coal slurry 
(5) Washing time=l minute 
( 6 )  Time for energizing the magnet=0.5 minute 

(7) Labor required=Z men per shift 
(8) Amount of dispersant required=lO ppm 



Table 3 

1 .  

2. 

3. 

4. 

5. 

6 .  

7. 

S e n s i t i v i t y  Analysis o f  U n i t  Costs ( $  Per Ton Coal Processed Annually) 
of Desulfurization of  Coal/Water Slurry by HGMS 

"0 "1 5 
%Change % Change 

0.00 2.4117 0.00 
Basis: 2.61 cm/sec, 25 Wt% 
s lu r ry ,  and o t h e r  conditions 1.0628 
i n  Tables 1-2. 

Amount of Coal Processed 
Per Cycle Doubled " 0.9004 

25% Reduction i n  Capital 0.9389 
Investment 

Amount of  Washing Water 1.0691 
Requi red Doubled 
(Washing Time Unchanged) 

Cost of Water Increased 1.0835 
5 /3  Times (5t/1000gal) 

Both Amounts of  Washing 1.2256 
Water and Washing Time 
Doubled 

Labor Requirement Doubled 1.3587 

-15.28 2.0341 -1 5.66 

-11.66 1.9506 -19.12 

t0 .60 2.4181 t0.27 

t1 .95 2.4324 +0.86 

t15.32 2.7883 +15.62 

t27.82 2.7077 +19.12 
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Table 5 

Approximate Comparsion o f  Estimated Capital and 
U n i t  Costs ( $  Per Ton Coal Processed Annually) 
o f  Different  P y r i t i c  Sulfur  Removal Processes 

( $  Per Ton Coal Processed Annual l y )  

Process U -  " 

1. 

2. 

3. 

4. 

5. 

MAGNEX-Hazen 5.83 
Reserach, Inc. (15) 

Froth Flotat ion-  2.77 
Bureau o f  Mines (15) 

Systems and Energy 

Ledgemont Oxygen Zomparable 
Leaching- Kennecott t o  Meyers 
Copper Corporation 

HGMS-This Work, 0.83-1.06 
See Table 2 

Meyers- TRW 6.00-14.00 

(33) 

(1 )  

U,F,  Capital Investment - 
7.05 4.17 

4.47 5.71 

13.80 
(leaching only) 

11.30 
(leaching only)  

1.88-2.48 3.53-4.69 
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Table 6 

Costs of Desulfurization of Liquefied Coal by HGMS 
Using Separator Matrix of 6'10"-Diameter and ZO"-Leng th  

1 .  Slurry Velocity, 
cm/ sec 

2 .  Apparent % 
Pyr i t i c  Sulfur 
Removal 

3. Cycle Time, 
Minute 

4. Duty Cycle, 

5. Tons of Liquefied 
Coal Processed 
Per Cycle 

6.  F i l t r a t ion  Rate 
Based on Actual 
F i l t e r ing  Time, 
GPMI f t 2  

% 

7. U n i t  Costs, $ 
Per Ton Coal 
Processed Annually 

UO 

u15 

U 

8. Capital Investment 
Per Ton Coal 

0.25 

90 

45.86 

85.8 

22.52 

3.74 

6.58 

15.65 

8.64 

Processed Annually, 
$ 30.5 

1.60 

87 

9.15 

74.9 

24.71 

23.56 

1.45 

3.31 

1 .a7 

6.26 

2.71 

78 

5.84 

66.3 

23.63 

39.91 

1.10 

2.53 

1.42 

4.79 

2.71 

74 

11.33 

82.6 

57.21 

39.91 

0.76 

1.80 

1 .oo 

3.49 

5.42 

67.7 

4.32 

59.3 

31.48 

79.82 

0.67 

1.54 

0.87 

2.89 

14.0 

66.4 

2.39 

33.5 

25.25 

206.2 

0.61 

1.37 

0.79 

2.53 

129  



Tab le  7 

E f f e c t  o f  Steam P r i c e  on t h e  U n i t  Cost f o r  D e s u l f u r i z a t i o n  o f  
L i q u e f i e d  Coal by HGMS 

S1 u r r y  
V e l o c i t y ,  
cm/sec 

0.254 

2.71* 

2.71** 

5.42 

14.00 

Uni t  Cost Uo,$ Per Ton 
L i q u e f i e d  Coal Processed 
A n n u a l l y  

Case A Case B 

6.580 6.600 

1,100 1.311 

0.763 0.850 

0.670 0.836 

0.614 0.81 1 

% I n c r e a s e  
from Case A 
t o  Case B 

3.0 

30.0 

11 .o 
25.0 

32.0 

Case A :  Steam P r i c e  = 2 $ / lo00 l b .  

Case B:  Steam P r i c e  = 4 $ / l o 0 0  l b .  

* Amount o f  L i q u e f i e d  Coal Processed Per Cyc le  = 23.63 Tons 

** Amount o f  L i q u e f i e d  Coal Processed Per Cycle=57.21 Tons 

=25.83 Times o f  S t a i n l e s s  Stee l  Wool Weight. 

=62.53 Times o f  S t a i n l e s s  S tee l  Wool Weight. 

130 



Tab le  8 

Method 

1. Rotary  Drum 
F i l t r a t i o n  
(SRC) 

2. Pressure Leaf  
F i l t r a t i o n  
(SRC) 

C e n t r i f u g a t i o n  
(H-Coal ) 

P r e c i p i t a t i o n  
(H-Coal) 

3. Two-Stage * 

4. So lven t  

5. HGMS* 
5.4 cm/sec 
2.7 cm/sec 

( $  Per Ton L i q u e f i e d  Coal Processed Annua l l y )  
uo u15 C a p i t a l  Investment  - __ 

2.77 8.10 17.89 

7.03 9.87 9.52 

2.57 7.57 15.38 

1.82 3.98 6.70 

0.68 1.54 
1.10 2.53 

2.89 
4.79 

* The ash content  o f  separated p roduc t  may n o t  s a t i s f y  EPA s p e c i f i c a t i o n ,  and t h e  
use o f  e l e c t r o s t a t i c  p r e c i p i t a t o r s  may be needed. 
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DRY TABLE - PYRITE REMOVAL FROM COAL 

By Donald C.  Wilson 

Cen t ra l  Engineering Labora to r i e s ,  F'MC Corporation 

1185 Coleman Avenue, Santa Clara, C a l i f o r n i a  95052 

INTRODUCTION 
An  awareness f o r  p a r t i c l e  s eg rega t ions  i n  material  handl ing  equipment i s  usua l ly  

t h e  r e s u l t  of nega t ive  exper iences .  
is moving through b i n s ,  f eede r s ,  s t o c k p i l e s ,  etc. ,  gene ra l ly  l e a d s  t o  f r u s t r a t i o n .  
Three f a c t o r s  de te rmine  t h e  e x t e n t  of p a r t i c l e  s eg rega t ion  i n  these  s i t u a t i o n s ,  

Prevent ing  demixing of a ganular composite which 

- t h e  phys ica l  conf igu ra t ion  of t h e  material handl ing  equipment, 
- t h e  f o r c e s  which convey t h e  p a r t i c l e s  through t h a t  equipment, 
- and t h e  d i f f e r e n c e s  between t h e  p a r t i c l e s  i n  one o r  more of t h e i r  phys ica l  

p r o p e r t i e s  ( s i z e ,  shape, bu lk  d e n s i t y ,  r e s i l i e n c y  and su r face  roughness). 
The fo l lowing  desc r ibed  equipment, s p e c i f i c a l l y  designed as a sepa ra to r  f o r  dry par- 
t i c u l a t e s  combines t h e  above f a c t o r s  t o  e x p l o i t  t h i s  i nhe ren t  segrega t ion  wi th in  
movifig p a r t i c l e  beds.  

EQUIPMENT DESCRIPTION 

through the  u n i t  i l l u s t r a t i n g  t h e  p a r t i c l e  bed. The d r i v e  u n i t  f o r  t h e  t a b l e  i s  an 
electro-mechanical e x c i t e r  of t h e  type  used f o r  v i b r a t i n g  f eede r s .  I n  f a c t ,  t h i s  
f e c e g t l y  developed c o a l  c l ean ing  u n i t  i s  a f eede r ,  b u t  w i th  t h e  fo l lowing  des ign  
dPfferences .  

F igu re  1 c o n t a i n s  a pe r spec t ive  drawing of t h e  Dry Table and a cross -sec t ion  

- The deck s u r f a c e  i s  s h o r t  b u t  very  wide.  - The c o a l  i s  i n s e r t e d  a t  one  s i d e  of t h e  f e e d e r ' s  deck. - 
- - 

The conveying f o r c e  is reve r sed ,  i t  f e e d s  t h e  material i n t o  i t s  backwall. 
The p a r t i c l e  bed ' s  n e t  f low is from one  s i d e  of t h e  f e e d e r  t o  t h e  o the r  s ide .  
The deck is non-symmetrical about t h e  v e r t i c a l  p l ane  pass ing  through its 
cen te r  of g r a v i t y  and t h e  e x c i t e r ' s  l i n e  of d r i v e .  

Coal i s  f ed  o n t o  t h e  longes t  s i d e  of t h e  u n i t  and t h e  conveying f o r c e  from t h e  
d r i v e  moves t h e  p a r t i c l e s  towards t h e  backwall .  A l a r g e  p i l e  of p a r t i c l e s  forms 
a g a i n s t  t he  backwal l ,  f i l l i n g  t h e  entire trough. Gravi ty  moves t h e  p a r t i c l e s  on 
t h e  p i l e ' s  s u r f a c e  down t h e  open s l o p e  as t h e  conveying f o r c e  cont inues  t o  d r i v e  
t h e  under ly ing  material a g a i n s t  t h e  backwall. The r e s u l t  is t h e  continuous over- 
t u rn ing  of t h e  bed. The pres su re  of t h e  incoming feed  f o r c e s  t h e  over turn ing  bed 
t o  flow ac ross  t h e  deck away from t h e  feed  s i d e  i n  a 
t h e  deck ' s  l e n g t h  d imin i shes  ( t ape r s )  i n  t h i s  d i r e c t i o n ,  t h e  t o e  o f  p i l e  is be ing  
cont inuous ly  d ischarged .  Simultaneously,  s i z e  and bulk  d e n s i t y  sepa ra t ions  are 
occur r ing  i n  t h e  ove r tu rn ing  bed. The l a r g e  or low d e n s i t y  p a r t i c l e s  move i n t o  a 
s p i r a l l i n g  pa th  t h a t  mig ra t e s  towards t h e  t o e  of t h e  p i l e ,  Sec t ion  A-A of F igure  1, 
whereas the  small o r  h igh  d e n s i t y  p a r t i c l e s  move i n t o  a smaller s p i r a l  and concen- 
trate towards t h e  backwall .  
c o a l ,  advance p a s t  t h e  l a r g e  and h i g h  d e n s i t y  p a r t i c l e s ,  rock and p y r i t e ,  and pre- 
va i l  i n  ob ta in ing  p o s i t i o n s  a t  t h e  t o e  of t h e  p i l e .  
w i l l  concen t r a t e  a t  t h e  backwall  i n  preference  t o  small p a r t i c l e s  of coa l .  

series of s taggered  p a r t i c l e  s i z e  g rada t ions  o f  d i f f e r e n t  d e n s i t i e s .  
over lapping  of t h e  s i z e  g rada t ions  of t h e  rock  and p y r i t e  wi th  t h e  coa l ,  t h e  feed t o  
t h e  u n i t  is p res i zed  t o  d e f i n i t e  s i z e  ranges.  
a r a t i o n ,  t h e  u s u a l  top  s i z e  t o  bottom s i z e  of t h e  feed  p a r t i c l e s  i n  any one pass is 
a 4 t o  1 r a t i o  
c o n t r o l l i n g  t h i s  r a t i o .  

s lop ing  su r face  r e f e r r e d  t o  as t h e  "discharge l i p" .  Th i s  " l ip"  can make f u r t h e r  
s epa ra t ions  based on p a r t i c l e  shape, r e s i l i e n c y  and s u r f a c e  roughness i f  des i r ed .  
The shape  sepa ra t ion  is based on t h e  cub ica l  c o a l  p a r t i c l e s  be ing  uns t ab le  on t h e  
"d ischarge  l i p "  and t h e  nea r  t a b u l a r  rock  and p y r i t e  p a r t i c l e s  be ing  s t a b l e  when 
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h e l i c a l  motion. And because 

Those p a r t i c l e s  t h a t  are bo th  l a r g e  and of low dens i ty ,  

Also s m a l l  p a r t i c l e s  of p y r i t e  

The o v e r a l l  r e s u l t i n g  d i scha rge  from t h e  h o r i z o n t a l  deck po r t ion  of t h e  u n i t  is a 
To avoid t h i s  

For t h e  c o a l ,  rock  and p y r i t e  sep- 

(8" x 2", 2" x 1/2", e t c . ) ,  t h e  rock-coal s i z e  g rada t ions  are usua l ly  

The p a r t i c l e s  d i s c h a r g e  from t h e  nea r ly  h o r i z o n t a l  deck onto  an a t t ached  downward 



t h e  u n i t  is v i b r a t i n g .  The uns t ab le  c o a l  w i l l  t hus  be  discharged by r o l l i n g  o f f  t h e  
" l i p "  while t h e  t a b u l a r  rock and p y r i t e  a r e  conveyed back up t h e  l i p  i n t o  t h e  p i l e .  
The su r face  roughness of t h e  highly mineralized p a r t i c l e s  is g r e a t e r  than t h a t  f o r  
t h e  c l ean  c o a l  p a r t i c l e s .  
p y r i t e  back i n t o  t h e  deep p a r t i c l e  bed; whereas, t h e  s l i c k  c o a l  t ends  t o  s l i p  Off 
t h e  " l ip" .  
p a r t i c l e s .  
bounce and a s s u r e  t h e i r  u n s t a b i l i t y  on t h e  "discharge l i p" .  

t a b l e  i n  t h a t  it is a g rada t ion  from a c l e a n  coa l  product through mineral ized par- 
ticles t o  p y r i t e  a long t h e  d i scha rge  edge. This dry method of s epa ra t ion  i s  func- 
t i o n a l  over a broad span of p a r t i c l e  s i z e s .  
s i z e  p a r t i c l e s  i s  t h e  formation of p a r t i c l e  agglomerations due t o  e l e c t r o s t a t i c  
charges  or surface moisture.  
imum s i z e  p a r t i c l e s .  

The ma jo r i ty  of t h e  Dry Table experience i s  i n  t h e  r educ t ion  of t h e  a sh  con ten t  
of coals .  However, t h e r e  has  been a r ecen t  i nc rease  of i n q u i r i e s  i n t o  t h e  use  of 
t h e  Dry Table a s  a method f o r  s u l f u r  reduct ion.  

EXPERIMENTAL SECTION 
Runs were made wi th  t h e  fol lowing descr ibed samples by passing them through t h e  

12" l a b  u n i t  or t h e  8 '  p i l o t  p l a n t  u n i t  Dry Table i n  one pass  and c o l l e c t i n g  t h e  
discharge a s  mul t ip l e  products.  I n  Figure 1, an eleven product d i scha rge  i s  shown, 
"A" through "K", where t h e  d i scha rges  a r e  of equal  increments spaced along t h e  
"discharge l i p" .  
BTU con ten t ,  following t h e  accepted ASTM methods D-271 and D-2492. 
r e s u l t s  were used t o  cons t ruc t  t h e  d i s t r i b u t i o n  curves shown i n  t h e  graph. The 
c o a l  samples used a r e  a cleaned New Mexico Bituminous Coal and a raw Arizona 
Subbituminous Coal. 
on t h e  Dry Tables.  

RESULTS 

Table Discharge Di s t r ibu t ion" .  
po r t ions  of t h e  graph r e p r e s e n t s  t h e  discharge from t h e  Dry Table a s  t h e  e l even  
discharge products.  
a percentage of t he  o r i g i n a l  feed f o r  hea t ing  content  (BTU), a sh  and p y r i t e .  
c l ean  c o a l  product is t h e  accumulation of d i scha rge  products  s t a r t i n g  a t  t h e  f a r  
l e f t  (percentage on l e f t  v e r t i c a l  a x i s )  and t h e  r e j e c t  s t a r t s  on t h e  f a r  r i g h t  
( r i g h t  v e r t i c a l  a x i s ) .  The d a t a  po in t s  p l o t t e d  on t h e  graph a r e  f o r  a run which 
had an e i g h t  product discharge.  
are p l o t t e d  f o r  Product and Reject  which shows t h e  d i s t r i b u t i o n  f o r  t h e  p y r i t i c  
s u l f u r  a s  pounds per  m i l l i o n  BTUs. 

This  a d d i t i o n a l  roughness a i d s  i n  conveying t h e  rock and 

Generally,  t h e  r e s i l i e n c y  of t h e  c o a l  i s  g r e a t e r  than t h a t  of t h e  r o c k  
The conveying v i b r a t i o n s  causes  the  more r e s i l i e n t  c o a l  p a r t i c l e s  t o  

The Dry Table has a d i scha rge  s i m i l a r  i n  cha rac t e r  t o  t h a t  of a w e t  concen t r a t ion  

The l i m i t i n g  f a c t o r  f o r  t h e  minimum 

No l i m i t i n g  f a c t o r  has  been encountered f o r  t h e  &x- 
The p resen t  p r a c t i c a l  range i n  c o a l  p repa ra t ion  i s  1/8" t o  8". 

Each discharge product was analyzed f o r  a sh ,  p y r i t i c  s u l f u r  and 
The a n a l y t i c a l  

Both samples w e r e  screened t o  a 4 : l  s i z e  range p r i o r  t o  running 

The d a t a  f o r  t h e  Bituminous and Subbituminous examples a r e  shown i n  Graph I, "Dry 
The ho r i zon ta l  a x i s  f o r  both t h e  upper and lower 

I n  t h e  upper po r t ion ,  t h e  v e r t i c a l  a x i s  g ives  t h e  recovery a s  
The 

In  t h e  lower po r t ion  of the graph, s e p a r a t e  cu rves  

The composition of  t h e  f eeds  a r e :  

Bituminous Subbituminous 
BTU/lb 13,460 8,060 
Ash, % 1 0 . 1  25.8 
P y r i t i c  Su l fu r ,  % 0.44 0.19 

DISCUSSION 

being cleaned.  
more s e n s i t i v e  because i t  uses  a s  many a s  f i v e  of t h e  p a r t i c l e s '  phys i ca l  prop- 
e r t i e s  f o r  s epa ra t ion  r a t h e r  than j u s t  t h e  d e n s i t y  a lone.  
s epa ra t ion  i s  t h e  degree t o  which t h e  major c o n s t i t u e n t s  of t h e  raw c o a l  (c lean 
coa l ,  rock and p y r i t e )  a r e  l i b e r a t e d ,  one from t h e  o the r .  The performance of t h e  
Dry Table  is based on t h e  p r o b a b i l i t y  of p a r t i c l e  movements. Therefore ,  t h e  pro- 
po r t ion  of mineral ized p a r t i c l e s  removed i s  cons t an t  f o r  any s p e c i f i c  c o a l  feed 
over a wide range of compositions.  

As wi th  a l l  coal  c l ean ing  equipment, t h e  performance i s  a f u n c t i o n  of the c o a l  
The Dry Table i s  no except ion t o  t h i s  and can even be considered 

A l s o  a f f e c t i n g  t h e  
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The p y r i t e  i n  t h e  t w o  examples s e l e c t e d  f o r  t h i s  d i scuss ion  is un l ibe ra t ed  and 
of r e l a t i v e l y  low concen t r a t ion .  The l e t t e r e d  d i scha rge  products  "A" through "K". 
a r e  d i v i s i o n s  of t h e  Dry Tab le ' s  discharge a r b i t r a r i l y  se l ec t ed  f o r  a n a l y t i c a l  and 
d i scuss ion  purposes.  The l a r g e  number of product d i v i s i o n s ,  o r  t h e i r  s p e c i f i c  
boundaries need not  be used i n  a c t u a l  c o a l  c l ean ing  app l i ca t ions .  

t o  t h e  Dry Table  was t h e  p r e s i z i n g  i n t o  4 : l  s i z e  ranges.  
t r i b u t i o n  cu rves ,  upper  Graph 1, show t h a t  i n  t h i s  t h r e e  component system, clean 
c o a l  (BTU) - rock (ash) - p y r i t e ,  t h e  major s epa ra t ion  i s  between t h e  c l ean  coa l  
and t h e  rock. 
t h e  more dense p y r i t e ,  which f u r t h e r  demonstrates t h a t  t h e  p y r i t e  is n o t  l i b e r a t e d .  
There a r e  t h r e e  zonal  t ypes  of d i scha rge  from t h e  Dry Table with t h i s  coa l .  I n  t h e  
f i r s t  zone, product d i scha rges  "A" and "B", t h e  c o a l  con ta ins  low ash and has  t h e  
p y r i t e  mainly a s s o c i a t e d  w i t h  t h e  coa l .  I n  t h e  second zone, product discharges 
"C" through "G", t h e  c o a l  con ta ins  low p y r i t e  and a sh  bu t  t h e  p y r i t e  is a s s o c i a t e d  
with t h e  ash.  
con ta ins  a c o a l  and rock mixture  where t h e  p y r i t e  is as soc ia t ed  wi th  both coal  and 
rock a t  higher  concen t r a t ions .  

Se lec t ing  d i scha rges  "A" through "I" a s  a c l ean  coal. product,  "J" and "K" a s  re- 
ject ,  gives  a 90% recovery of t h e  c o a l ' s  p o t e n t i a l  hea t ing  con ten t ,  and removals o f  
74% of the  a s h  and 50% of t h e  p y r i t e .  
a r e :  

Subbituminous coa l .  The on ly  p repa ra t ion  t h i s  c o a l  received p r i o r  t o  being fed 
The sequence of t h e  d i s -  

The py r i t e - a sh  sepa ra t ion  is reversed t o  what would be expected f o r  

I n  t h e  t h i r d  zone, product d i shca rges  "H" through "K", t h e  d i scha rge  

The compositions of t h e  Product and Reject  

Product Reject  
Yield,  % 72 28 
BTU/lb 10,360 2,160 
Ash, % 10.8 64.1 
P y r i t i c  S u l f u r ,  % 0.13 0.32 

With t h e  discharge s p l i t  i n t o  j u s t  a c l ean  c o a l  product and a r e j c t ,  t h e  w e l l  known 
compromise must be made between recovering a s  much c l e a n  c o a l  a s  p o s s i b l e  while  re- 
j e c t i n g  most of t h e  rock and p y r i t e .  With t h e  Dry Table ,  however, it is  p o s s i b l e  
t o  have a s  many p roduc t s  as found t o  be reasonable.  Therefore,  one could s e l e c t  
t h e  zone of low ash con ten t  "A" through "G" a s  t h e  c l e a n  c o a l  product and "H" 
through "J" f o r  r e t r ea tmen t  where t h e r e  i s  a mixture of both rock and c o a l  and "K" 
a s  t h e  r e j e c t  which e s s e n t i a l l y  con ta ins  no usable  hea t .  

Product Retreatment Re jec t  
Yield,  % 47 37 16 
BTU/lb 11,260 7,390 0 
A s h ,  % 4.7 30.0 78 
P y r i t i c  s u l f u r ,  % 0.08 0.27 0.29 

Both the c l e a n  c o a l  "product" and t h e  " r e j ec t "  a r e  d e s i r a b l e  i n  t h i s  arrangement 
and its success  depends upon t h e  cha rac t e r  of t he  "retreatment" discharge.  In t h i s  
p a r t i c u l a r  c a s e  t h e  "retreatment"  i s  a mixture of c l e a n  coa land  l i b e r a t e d  rock wi th  
a small amount of middlings.  
u n i t  o r  s e n t  t o  ano the r  u n i t  f o r  a second pass .  

t h e r e  i s  e s s e n t i a l l y  no l i b e r a t e d  p y r i t e  o r  rock p resen t .  The sequence of t h e  
curves shows t h a t  t h e  u n l i b e r a t e d  p y r i t e  is unevenly d i s t r i b u t e d  among t h e  coal  
p a r t i c l e s  and t h a t  t h e  major s epa ra t ion  is between t h e  clean c o a l  and p y r i t e .  The 
ash and BTU curves are very s i m i l a r ,  except f o r  a s l i g h t  d i f f e r e n c e  i n  s lopes ,  show- 
ing  t h a t  t h e r e  i s  a nea r  cons t an t  i nhe ren t  a sh  i n  t h e  c o a l  f o r  t h e  d i scha rge  pro- 
duc t s  "A" through "H". The p y r i t e  curve is q u i t e  d i f f e r e n t  i n  shape and shows small 
amounts of p y r i t e  i n  d i scha rge  products  "A" through "D", i nc reas ing  amounts i n  "E" 
t o  "J", and s u b s t a n t i a l  q u a n t i t i e s  i n  "K". 
f o r  t h i s  p a r t i c u l a r  s epa ra t ion .  In  t h e  f i r s t  zone, d i scha rge  products  "A" through 
"D", t h e  c o a l  has  a minimum ash  and p y r i t e  content .  In  t h e  second zone, d i scha rge  
products  "D" t o  "H", t h e  c o a l  con ta ins  a minimum of a sh ,  b u t  has an inc reas ing  

The "retreatment" can be  recycled through t h e  same 

Bituminous. This  c o a l  i s  t h e  product from a p repa ra t ion  p l a n t ,  and the re fo re ,  

There a r e  fou r  zonal types of discharge 
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p y r i t e  con ten t .  
p y r i t e  con ten t  p rogres s ive ly  inc rease  i n  t h e  coa l .  In t h e  f o u r t h  zone, d i scha rge  
product "K", t h e  coa l  i s  highest  i n b o t h  a sh  and p y r i t e ,  and con ta ins  a l l  t h e  m i s -  
placed "sink" m a t e r i a l  from t h e  wet washing process .  

The s p e c i f i c  g r a v i t y  d i f f e r e n c e  between t h e  f i r s t  and second zones is q u i t e  s m a l l ,  
so t h e  sepa ra t ion  is most l i k e l y  caused by t h e  o t h e r  phys i ca l  p r o p e r t i e s  of t h e  par- 
t i c l e s .  Since t h e  a sh  d i f f e r e n c e  is a l s o  small, i t  is assumed t h a t  t h e  presence of 
t h e  p y r i t e  is r e l a t e d  t o  t h e  physical  p rope r ty  d i f f e r e n c e s  which t h e  Dry Table  can 
d i s t i n g u i s h  f o r  s epa ra t ion  purposes.  The suggested method of processing i s  t o  co l -  
l e c t  t h e  d i scha rge  from d i scha rge  products  "A" t o  "H" a s  a c l ean  c o a l  product  and 
"I" t o  "K" f o r  r e t r ea tmen t .  

In t h e  t h i r d  zone, discharge products  "I" through "J", t h e  a s h  and 

Product Retreatment 

Y i e l t ,  % 75 25 
BTU/lb 13,750 12,606 
Ash, % 7.5 17.5 
P y r i t i c  s u l f u r ,  % 0 .22  1.08 

For t h i s  c o a l  sample t h e  "retreatment" d i scha rge  should not  be  processed a s  a 
second pass  on t h e  Dry Table because l i t t l e  b e n e f i t  would be r e a l i z e d  i n  ash and 
p y r i t e  reduct ion.  The b e s t  approach would be t h e  r ecyc l ing  of t h i s  m a t e r i a l  t o  
t h e  w e t  p repa ra t ion  p l a n t  a f t e r  crushing.  

CONCLUSION 
The Dry Table can reduce t h e  s u l f u r  content  i n  a c o a l  through p y r i t e  removal. The 

ex ten t  of t h e  coa l -py r i t e  s epa ra t ion  w i l l  be  a func t ion  of p y r i t e  l i b e r a t i o n  and 
t h e  phys ica l  property d i f f e r e n c e s  between t h e  f r e e  flowing coa l  and p y r i t e  p a r t i c l e s .  
However, t h e r e  a r e  c a s e s  where even coa l  con ta in ing  un l ibe ra t ed  p y r i t e  can be  sep- 
a ra t ed  i n t o  c o a l  products  of low and high p y r i t i c  s u l f u r  contents .  

s i m i l a r  t o  t h a t  of a Baum J i g .  
i ng  c o a l  c l ean ing  equipment. 
water i s  r e s t r i c t e d  due t o  l imi t ed  supply,  f r eez ing ,  or c o s t l y  t reatment  p r i o r  t o  
discharge o r  reuse.  

The Dry Table is b = s t  employed a s  a rougher,  i t  has  a s epa ra t ion  performance 

And it is e s p e c i a l l y  a p p l i c a b l e  where t h e  u s e  of 
It can be used a lone  o r  i n  conjunct ion w i t h  e x i s t -  
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CMC FIGURE 1 

DRY TABLE PRINCIPLE; SCHEMATIC VIEW 

CONCENTRATE 
n DISCHARGE 

ECTION A-A 

ROCK & PYRITE 
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- BITUMINOUS COAL 

- SUBBITUMINOUS COAL 
I 
a 
W P 

0.: 
a 
3 
U -I 

3 v) 

0.2 
k 
a 
2 

I 

G 
W U 

io 
0 
W 
7 W 

IL: 

00 

'5 
3 
I- 

z 
-I 

m 

'0 0 
5 
I 
IL: 

5: 
a 
3 
U -I 

3 

Y 

a 

o w  

c 

j v )  n 

2 

z 
3 
0 a. 

I 

GRAPH I - DRY TABLE DISCHARGE DISTRIBUTION 
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